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Abstract 
 
 
This thesis presents the first intensive community-level investigation of the mesozooplankton 
from a biogeographical transition zone estuary.  The Mgazana Estuary is located along a 
rural, semi-undeveloped part of South Africa’s east coast, believed to represent a transition 
zone between the subtropical and warm-temperate biogeographical zones.  The research 
represented in this thesis involves data collected over a five year period between 2002 and 
2006, with additional data collection made in 2008. 
 
The study focussed on five areas of investigation, the first of which investigated the physico-
chemical dynamics of the Mgazana Estuary.  The Mgazana Estuary exhibited marked 
vertical, horizontal and regional structures in the hydrological environment.  Prominent 
vertical and horizontal stratification characterised summer months.  A substantial turbidity 
front was observed in the lower estuary during summer and winter.  The upper estuary was 
marked by considerable variation in multiple variables but especially salinity.  These 
structures appeared to have shifted in position over the horizontal plane, which was attributed 
to variation in freshwater flow.  
 
The second study focused on the spatial dynamics of mesozooplankton in the Mgazana 
Estuary.  The zooplankton was rich and in terms of composition typical of mangrove systems.  
The Copepoda were dominant, numerically and in terms of taxonomic representation.  
Calanoids Acartiella natalensis and Pseudodiaptomus hessei characterised middle and upper 
reaches in summer and mostly upper reaches in winter.  On community level, a highly 
structured assemblage arrangement was observed during summer and winter months.  These 
trends were further scrutinised under the theoretical framework of ecological boundaries.  In 
so doing, an agreeable spatial association emerged between specific assemblages and their 
environments.  These trends were concluded to reflect ecoclinal as well as ecotonal 
properties, the latter describing interactions over narrow spatial bands of marked changes in 
turbidity. 
 
The third study investigated flooding events as short-lived extreme meteorological events and 
the influence on zooplankton.  Within this regard, second-stage multivariate statistics was 
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used to assess year-to-year variability in assemblage structures on whole-system and regional 
scales.  The impact of two major flooding events that flushed the estuary some days prior to 
sampling could clearly be elucidated.  Flooding emerged as a significant source of inter-
annual variability in the zooplankton of the Mgazana Estuary.  Second-stage multivariate 
analysis proved to be an effective analytical strategy for investigating inter-annual variability 
in species assemblage structures. 
 
Results from the preceding study prompted a detailed investigation into the spatio-temporal 
dynamics of Acartiella natalensis, the most important zooplankton species of the system 
aimed at elucidating flood responses.  Acartiella natalensis showed indication of temporal 
arrest in association with flooding events in a similar fashion as is observed in seasonal 
variation trends in estuaries towards its geographical distribution limit south of the study area.  
It was concluded that A. natalensis was severely affected by floods and the possibility exist 
for entrainment of entire populations from the estuary during flooding events.   
 
The final study tested the hypothesis of post-flood propagation from a resting egg bank in the 
sediments of the Mgazana Estuary.  Preliminary data revealed that numerous eggs were 
present in the sediments.  Nauplii hatched from eggs under laboratory conditions were 
identified as belonging to the family Acartiidae.  The preliminary mode of diapause is 
presented as a schematic model, emphasising the role of freshwater flow and specific 
environmental variables.  This was the first discovery of resting eggs from a subtropical 
estuary from South Africa.  It is hoped that the findings of this study would give rise to new 
research initiatives investigating the importance of resting stages in estuarine and coastal 
Copepoda species and the role such reproductive strategies may play in estuarine functioning.   
 
Key words: Subtropical, estuary, mangrove forests, mesozooplankton, copepods, Acartiella 
natalensis, Pseudodiaptomus hessei, multivariate statistics, beta diversity, temperature, 
salinity, turbidity, ecocline, ecotone, episodic flooding, biogeographical regions, dormancy, 
resting eggs 
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Chapter 1 
General Introduction 
 
 
Estuaries are ranked among the most valuable ecosystems in terms of services, on average 
being valued at 22 832 $ ha
-1
 yr
-1
 (Costanza et al. 1997).  Corresponding estimates in the 
same study, value coral reefs at 6 075 $ ha
-1
 yr
-1
, tropical forests 2 007 $ ha
-1
 yr
-1
, grass and 
rangelands 232 $ ha
-1
 yr
-1 
and croplands at 92 $ ha
-1
 yr
-1
.  Nutrient cycling contributed more 
than 90% to this estimate (Costanza et al. 1997), which is a clear reflection of the immense 
productivity occurring within these ecosystems (Corell 1978).  This notion was arguably best 
emphasized in, what is considered a classic article by Schelske and Odum (1962).  Their 
work on the saltmarshes, benthic algae and phytoplankton of the Georgia estuaries, led them 
to the conclusion that “these estuaries are among the most productive natural ecosystems in 
the world” (Schelske and Odum 1962, p75).  Primary productivity was estimated at 2 000 g 
m
-2
 y
-1
 for these systems, which as Correll (1978) points out (in reference to Whitaker and 
Likens 1975), far exceeds equivalent estimates for the open ocean (125 g m
-2
 y
-1
), continental 
shelf (360 g m
-2
 y
-1
), lakes and rivers (400 g m
-2
 y
-1
), and cultivated land (650 g m
-2
 y
-1
).   
 
This tremendous amount of productivity in turn supports an abundance of consumers.  The 
zooplankton is probably the most important in this context as they provide the unique 
function of channeling energy flow between lower and higher trophic compartments (Sautour 
et al. 1996, Calbet 2001, Calliari et al. 2009 and many more) thus representing a keystone 
link in aquatic food webs (Turner et al. 2004).  Zooplankton can consequently attain 
extremely high levels of abundance in estuaries compared to coastal waters and the open 
ocean (Heinle 1966, Wooldridge 1999).   
 
Diversity of autochthonous zooplankton, by contrast characteristically display low diversity 
(e.g. Duggan et al. 2008, Calliari et al. 2009).  Diversity peaks near the inlet where incursive 
neritic species occur next to downstream extensions of euryhaline species.  Duggan et al. 
(2008) noted 38 species in the Darwin Harbour system but notes that neritic forms 
contributed the majority.  The Darwin Harbour system was dominated numerically by only 
few species that included Parvocalanus crassirostris and Oithona aruensis.  Similar results 
were obtained from the Avon-Heathcote Estuary, New Zealand, where 93 taxa were recorded 
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(Roper et al. 1983).  The high number of species recorded in this system was once again 
attributable to the influx of marine species such as the Calanoida species Calanus australis, 
Acartia ensifera and Labidocera cervi from the nearshore into the estuary.   
 
The zooplankton endemic to South African estuaries are also few and include several 
Copepoda and Mysida species (Wooldridge 1999).  Pseudodiaptomus hessei is arguably the 
most characteristic of the South African euryhaline Copepoda.  Its geographic distribution 
spans the entire coastline of South Africa, from the Orange River on the west to the Kosi 
Lake System in the East (Wooldridge 1999).  The species is considered a pioneer as it is the 
first to recolonize the middle and upper reaches of after floods (Wooldridge and Bailey 
1982).  Pseudodiaptomus hessei has been the center of many studies conducted locally (Hart 
and Allanson 1976, Hart 1977, Jerling and Wooldridge 1989, 1991, 1992, 1994a, Wooldridge 
and Webb 1988, Froneman 2004a) and elsewhere in Africa (Kouassi et al. 2001, Pagano et 
al. 2003, Mendoza-Vera et al. 2008).  Acartia africana and Paracartia longipatella, by 
contrast are more common to the cool- and warm-temperate estuaries of the south and 
western coast of South Africa (Wooldridge 1999, Montoya-Maya and Strydom 2009).  
Acartiella natalensis is geographically limited to the south-east coast of South Africa and is 
subtropical and euryhaline in nature owing to its association with warmer waters (> 20 ºC) 
and a wide range of salinity (Connell and Grindley 1974, Grindley 1981, Wooldridge 1999).  
This species can attain densities in excess of 100 000 ind.m
-3
 in subtropical estuaries and is of 
particular importance in estuaries along the former Transkei coast (Wooldridge 1977).  
Acartiella natalensis and Paracartia longipatella display spatial and temporal succession in 
estuaries where they co-exist (Wooldridge and Melville-Smith 1979).  No formal attempts 
have been made to elucidate propagation mechanisms for these species, although preliminary 
results indicate that propagation may occur via hatching from resting eggs in the sediment 
(Wooldridge 1999).  This is thought to provide an adaptive advantage to unfavourable 
environmental conditions (see reviews by Grice and Marcus 1981, Dahms 1995, Cáceras 
1997, Marcus and Boero 1998). 
 
Environmental variability inherent to estuaries arguably represents the most profound 
determining factor mediating species occurrences (Borja et al. 2011).  The currently accepted 
paradigm insists that tolerance to environmental variability is only exhibited by a few species 
while those from the adjoining marine and freshwater ecosystems are for the most part 
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excluded as a function of physiological constraints to, inter alia, varying salinity (cf. Elliott 
and Whitfield 2011).  Discontinuities in species distribution formed the very principle upon 
which the first attempt to construct a model showing the distribution of species diversity in 
relation to a gradient of varying salinities were drafted (Remane 1934).  The Remane model 
has until recently (Bulger et al. 1993, Attrill 2002, Attrill and Rundle 2002, Whitfield et al. 
2012), received little critique and was the generally accepted model for species distributions 
in estuaries for more than fifty years (Whitfield et al. 2012).  The model involves three 
fundamental principles carried forward by consequent works: 1) species diversity at either 
end (marine- and freshwater species) of the salinity continuum supersedes those occupying 
mid-range salinities; 2) a prominent minimum species diversity or artenminimum (Telesh and 
Klebovich 2010) was distinguishable along a very specific salinity range, later termed the 
horohalinicum (Kinne 1971 as cited by Telesh and Klebovich 2010); 3) brackish species 
conform to a clearly defined salinity range of value 0 to 17.  All three attributes have been 
contested in the recent literature which ultimately let the latest modification proposed by 
Whitfield et al. (2012) as shown in Fig. 1.1.   
 
 
 
Figure 1.1: (a) Remane (1934) diagram portraying the distribution of species diversity in 
relation to a salinity gradient, and (b) the latest modified version thereof proposed by 
Whitfield et al.  (2012).  Both diagrams were taken from Whiftield et al.  (2012).   
 
 
In this review the original and advised version was assessed against several biological entities 
including zooplankton.  What emerges is that the model (old and new) applies to some 
(a) (b)
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zooplankton communities, while for others certain underlying assumptions are not met (e.g. 
artenminimum in association with horohalinicum).  Despite the criticism received, this model 
still provided a useful platform from which a plethora of work emerged.  A particularly 
promising prospect involves possibility of integration with other spatial paradigms.  One in 
particular is mentioned a number of times (see Whitfield et al. 2012), yet has received little 
attention in estuarine ecology from an operational point of view: boundary dynamics.  The 
boundary dynamics concept is central to numerous terrestrial ecological studies, wherein it is 
frequently applied in the study of species distributions in relation to environmental gradients 
(Wiens et al. 1985, Laliberte et al. 2007).  It has also proved effective for policy making and 
management of terrestrial ecosystems (Yarrow and Martin 2007).  In spite of terms such as 
ecotones and ecoclines being invariably used to describe estuaries at system level in relation 
to its adjoining ecosystems, in text (Telesh and Klebovich 2010), the concept is yet to be 
applied theoretically to any species distribution trends from a South African estuary.  
 
Estuaries as the meeting places between rivers and the sea are naturally stressed 
environments as a consequence of high environmental variability.  Biological communities 
thriving in estuarine environments thus reflect a level of tolerance to environmental 
variability.  Elliott and Quintino (2007) regard this ability to absorb stress under natural 
conditions as problematic when potential anthropogenically induced impacts are sought.  In 
their argument it is suggested that estuarine biota should also show a similar level of 
tolerance under the anthropogenically perturbed states.  Disentangling the effects of 
anthropogenic influences from natural stressors thus becomes a challenging prospect.  The 
concept was termed the Estuarine Quality Paradox, which raised important questions 
regarding the methods currently used to detect anthropogenic impacts in estuaries.  In 
particular, it was suggested that functional characteristics be used to detect impacts in 
conjunction with, or instead of structural characteristics.  A challenging question arising from 
these views is whether the former could be applied without prior knowledge of the latter.  Or 
perhaps it could be considered that a sound understanding of the structural characteristics 
may enforce our ability to enquire about functional characteristics, which by way Elliott and 
Quintino’s (2007) argument, would lead to an improved probability of distinguishing 
perturbation effects.  This could be considered particularly relevant to estuaries for which 
data is severely lacking.   
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Zooplankton species are useful indicators of environmental change as they are short-lived, 
non-exploited and highly responsive to climate and anthropogenic induced changes in the 
physical environment (Beaugrand et al. 2000, Beaugrand et al. 2002, Taylor et al. 2002).  
This aspect of the zooplankton is of high significance as estuaries are currently under 
tremendous stress owing to increasing anthropogenic associations with these environments 
(Vitousek et al. 1997) and influences imposed (Morant and Quinn 1999).  Among the many 
anthropogenic pressures being imposed on estuaries today, Kennish (2002) lists nutrient 
enrichment, organic carbon loading, chemical contaminants, habitat loss, habitat alteration, 
overfishing, freshwater abstraction and introduction of exotic species as the most 
disconcerting stressing factors.  The effectiveness to mitigate such impacts hinges on our 
ability to detect threats at an early stage, which in some cases according to Kennish (2002) 
can only be achieved through intensive, coordinated studies conducted in the long-term 
(Kennish 2002).   
 
The value of well-maintained long-term data series involving estuarine zooplankton have 
been shown to be of particular usefulness in this regard.  The value of long-term data series is 
widely illustrated in the published literature.  From a data series stretching more than fifty 
years, Kemp et al. (2005) very adequately illustrated the effects of eutrophication on the 
ecological functioning of Chesapeake Bay.  A recent synthesis of data collected over a period 
stretching more than seventy years enabled researches to disentangle natural from 
anthropogenic drivers of benthic communities in the Lagoon of Venice (Pranovi et al. 2008).  
Very valuable recommendations for the future management of the Lagoon of Venice 
emanated from the Pranovi et al. (2008) study.  These outcomes would not have been 
achieved without having access to such well-maintained long-term databases.  By 
comparison, similar data series are severely lacking within the South African context.   
 
These issues are also pertinent within the South African context.  South African estuaries are 
under tremendous pressure from anthropogenic influences, the most significant of which is 
the diversion of freshwater through abstraction (Morant and Quinn 1999).  Much of the land 
falls within the arid or semi-arid zone and is prone to severe droughts or episodic flooding 
(Mason et al. 1999).  Research has therefore been intensely focused around the influence of 
freshwater flow on estuarine functioning (Allanson and Read 1995, Schumann and Pearce 
1997, Snow et al. 2000a, 2000b, Wooldridge and Callahan 2000, Allanson 2001, Adams et 
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al. 2002, Bate et al. 2002, Turpie et al. 2002a, Whitfield 2005, Snow and Taljaard 2007, 
Wooldridge 2007).  From these studies emerged that quality of flow was positively linked to 
cycling of nutrients (Allanson and Read 1995), primary production of the phytoplankton 
(Snow et al. 2000a) and benthic algae (Snow et al. 2000b), and abundance of estuarine 
dependent fishes (Whitfield 2005).  With regards to zooplankton Wooldridge and Callahan 
(2000) indicated that mixing of the water column and the establishment of a salinity gradient 
was an essential mechanism regulating zooplankton in the freshwater deprived Kromme 
Estuary.   
 
These pressures will be even further compounded with the onset of predicted climate change 
(Christensen et al. 2007).  Reduced runoff, sea level rise, increased radiation via ultra violet 
light and extreme short-term events such as flooding are among the impacts predicted for the 
southern African region and its marine resources (Clark 2006).  As it relates to estuaries, 
change in the rainfall regime is predicted to be most detrimental (Turpie et al. 2002a).  
Estuaries situated in transitional areas between biogeographical zones are likely to be 
particularly vulnerable (James et al. 2008).  Harley et al. (2006) hypothesized that 
biogeographical ranges are likely to shift in relation to changing climates.  This is of 
particular significance to species that live near the limit of their distribution ranges.  Harley et 
al. (2006) maintains that such populations are already in a stressed state and the added 
adversity imposed by a changing climate may be devastating as those boundaries are likely to 
shift.  These researchers concluded it will only be possible to construct reliable predicting 
tools if dedicated attention is given to species boundaries and the forces by which they are 
maintained (Harley et al. 2006).   
 
The South African coastline stretching approximately 3 100 km, is intersected by an 
estimated 259 estuaries (Whitfield 2000).  These are widely categorized into three 
biogeographical zones defined for the South African coastline (Fig. 1.2).  As defined by 
Harrison (2003) these are: the Cool-temperate zone on the west coast extending from the 
Orange River Mouth in the north to Cape Agulhas in the south; the Warm-temperate zone 
extends from Cape Agulhas east and north-eastward up half-way between the Mdumbi and 
Mgazana estuaries on the former Transkei coast; the Subtropical zone extends northwards 
from the Mdumbi to the Kosi Lake System in KwaZulu-Natal.   
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Estuarine zooplankton research in South Africa covers all major biogeographical zones, albeit 
not equally.  Intensive research has been conducted on the zooplankton of the warm-
temperate Sundays (Wooldridge and Melville-Smith 1979, Wooldridge and Bailey 1982, 
Wooldridge 1986a, Wooldridge and Webb 1988, Jerling and Wooldridge 1992, 1994a, 
1995a, 1995b), Swartkops (Wooldridge and Melville-Smith 1979, Wooldridge and Erasmus 
1980), Kariega (Froneman 2001a, 2001b, 2002, Froneman and Vorwerk 2003, Vorwerk et al. 
2008) and Kromme estuaries (Jerling and Wooldridge 1994b, Wooldridge and Callahan 
2000, Wooldridge 2007).   
 
 
 
Figure 1.2: Map of South Africa showing the geographical location of three biogeographical 
zones (after Harrison 2003). 
 
 
In recent years, considerable research was focused on the subtropical KwaZulu-Natal coast, 
particularly the Mpenyeti (Kibirige et al. 2002, Kibirige and Perissinotto 2003), Mhlathuze 
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(Jerling 2003, 2008), Nhlabane (Jerling and Cyrus 1999, Jerling 2005) and St Lucia systems 
(Carrasco et al. 2007, 2010, Carrasco and Perissinotto 2010a, 2010b, 2011a, 2011b, Jerling et 
al. 2010).  Recent work on cool-temperate estuarine zooplankton includes the transition zone 
study by Montoya-Maya and Strydom (2009) and a three year study on the zooplankton of 
the Great Berg Estuary by Wooldridge and Deyzel (2009a).  The study by Montoya-Maya 
and Strydom (2009) involved an investigation into the zooplankton dynamics of nine 
estuaries spanning the transition zone between the warm and cool-temperate biogeographical 
zones.  Their study did not reveal the existence of unique species groups characterizing either 
biogeographical zone, although marked variation in species richness and diversity across the 
transition zone were reported.  This they attributed to biogeographical effects. 
 
The transition zone separating the subtropical and warm-temperate biogeographical provinces 
has by comparison received limited research attention in terms of zooplankton.  Of the 
estimated 76 estuaries intersecting the 270 km long coastline of the former Transkei 
(Whitfield 2000), published zooplankton information is only available for two (Wooldridge 
1976, 1977), viz. the Msikaba Estuary (31º18’S, 29º25’E) and the Mgazana Estuary (31º42’S, 
29º25’E).  The Msikaba Estuary is a permanently open estuary situated further north (and into 
the subtropical region) and up the coast from the Mgazana River Estuary.  A qualitative 
sampling strategy was followed for sampling the Msikaba Estuary for which only the 
dominant species were quantified to individuals per cubic metres of water (ind.m
-3
).  The 
study revealed a species rich zooplankton community of 75 species.  The Copepoda 
Pseudodiaptmus hessei, Acartiella natalensis and Oithona brevicornis were dominant 
(Wooldridge 1976).  The subtropical Mysida Mesopodopsis africana was the numerically the 
most important among the five species recorded.  The Mgazana Estuary was sampled in 
February 1971, December 1975 and six-weekly between May 1972 and March 1973.  The 
zooplankton was described as extremely rich and abundant with more than 115 species 
identified.  Pseudodiaptomus hessei, Acartiella natalensis, Oithona brevicornis and M. 
africana were once more ranked as dominant.  Numbers of these Copepoda at times exceeded 
100 000 ind.m
-3
 (Wooldridge 1977), among the highest reported for a South African estuary 
(Wooldridge 1999).  These studies have indicated that the estuaries along this coast may 
support a very abundant community.  Yet, by percentage, information for less than 1% is 
available for this region with all estuaries concerned.  It can therefore be concluded that in 
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terms of zooplankton the Transkei estuaries are arguably the least studied compared to other 
areas of the South African coastline.   
 
The research presented in this thesis forms part of a long-term monitoring programme 
involving bi-annual sampling of zooplankton in several estuaries from the former Transkei 
coast of the Eastern Cape Province of South Africa since 2001.  The initiation of the Transkei 
Estuaries Programme (TEP) responded to the dire need for quality information for estuaries 
within this region.  The project aims to continue these regular collections in order to build a 
useful information base that is ultimately hoped to facilitate our understanding of the 
functioning of estuaries within the biogeographical region in the long-term.  The TEP is of 
significant value within the South African context owing to the scarcity of such information 
locally. 
 
The present research programme focused on the mesozooplankton component of the 
Mgazana River Estuary, sampled bi-annually over a period of five years between 2002 and 
2006.  The specific objectives were: 
1. to provide a comprehensive synthesis of physico-chemical processes characterizing the 
Mgazana Estuary, by means of testing specific hypotheses pertaining to vertical and 
horizontal gradients, stratification and temporal variability 
2. to characterize the spatial structure of zooplankton assemblages of the Mgazana Estuary 
at the two extreme ends of seasonal variability (summer and winter), within the 
theoretical framework of boundary dynamics so that the influence of physico-chemical 
variables could be elucidated outside of the conventional single regressor, single 
respondent variable framework 
3. to provide much needed insights into the inter-annual variability of zooplankton and the 
role of episodic meteorological events as potential major source of variation 
4. to provide a detailed synthesis of the spatial and temporal variability of a dominant 
subtropical species to elucidate environmental factors forcing in particular seasonal 
variations, the latter of which was entered into a geographical comparison model for 
seeking trends across the transition zone and towards spread limits of the species 
5. to investigate potential coping mechanisms employed by a dominant species in response 
to short intense adverse conditions imposed by a meteorological event. 
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Five focal chapters are presented in this thesis, preceded by a general introduction and 
description of the study area and followed by a general discussion.  Each chapter has its own 
introduction, the methods and materials used in answering the relevant questions, results and 
discussion.  References cited are presented in a single list following the general discussion to 
avoid unnecessary repetition.  Additional information pertinent to some chapters is presented 
as appendices at the very end.  Where the same methods and materials were used, their initial 
mention will be referenced. 
 
Chapter 1: General Introduction 
This chapter provides the rationale, objectives of the study programme and the general layout 
of this thesis.  The bulk of the literature pertaining to each separate study is synthesized in the 
relevant chapters.  Only topics pertinent to the overarching objectives are discussed in this 
chapter. 
 
Chapter 2: Study Area 
This chapter provides a description of the study area and presents a review of the 
precipitation regime specific to the region as these processes were expected to be of 
significance to the objectives of Chapters 3-7. 
 
Chapter 3: Physico-chemical characteristics of the Mgazana River Estuary 
This chapter provides a detailed synthesis of physico-chemical data collected over a five-year 
period to elucidate spatio-temporal patterns, status of vertical and horizontal gradient 
formations and also attempts to discern which locations are more likely to reflect high year-
to-year variability.  Austral summer and winter seasons are sampled throughout the study 
period as it is considered to represent the extreme ends of seasonal variability.  The 
information of this chapter feeds environmental data into Chapters 4-6 for data analysis 
purposes.  As it pertains to Chapters 4-6, the basis upon which hypotheses were structured 
used information available at the onset of this study.  
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Chapter 4: Boundary dynamics of mesozooplankton assemblages in the marine 
dominated Mgazana River Estuary: evidence for gradient-independent ecoclinal 
variation? 
Chapter 4 investigates the spatial dynamics of the summer and winter zooplankton 
assemblages of the Mgazana Estuary.  The study incorporates an emerging spatial paradigm 
only seldom applied to estuarine biota.  The research presented in this chapter should be 
received in conjunction with Appendix 1-5.  The focus of Chapter 4 and 5 was limited to the 
mesozooplankton component only, which is here defined as the component retained by a 200 
μm mesh net (Wooldridge 1999).  Since only a single size fraction of the zooplankton is 
investigated, zooplankton rather than mesozooplankton was applied in text.   
 
Chapter 5: River flooding and inter-annual variability of mesozooplankton assemblages 
in the Mgazana River Estuary 
This chapter introduces an unique method for monitoring extreme rainfall events by using 
temperature-rainfall variations as proxy for flooding in the Mgazana Estuary.  This chapter 
also investigates inter-annual variability in summer and winter zooplankton assemblages, 
using second-stage multivariate statistical techniques to elucidate the role of flooding in 
structuring variability observed in the multivariate structure between years. 
 
Chapter 6: Seasonal and spatial abundance patterns of Acartiella natalensis (Calanoida: 
Copepoda) in the Mgazana River Estuary.   
This chapter draws from the conclusions of Chapter 5 and extends the investigation into the 
spatio-temporal dynamics of Acartiella natalensis, the most important mesozooplankton 
species in the Mgazana Estuary in terms of numbers.  This chapter presents an adapted 
method of assessing seasonal variability, here termed Seasonal Ratio or SR.  This chapter also 
explores geographical trends using SR as comparative measure.   
 
Chapter 7: Acartiella natalensis (Copepoda: Calanoida) eggs in soft sediments of the 
subtropical Mgazana River Estuary: an adaptive response to frequent flooding? 
This chapter draws from the conclusions of Chapter 6 and tests the hypothesis of post-flood 
propagation from a resting egg bank in the sediments of the Mgazana Estuary.  This chapter 
presents preliminary data in support of this hypothesis, which includes: 1) egg densities in 
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subtidal sediments, 2) egg production rates estimated using in situ incubation chambers and 
3) an assessment of the conditions conducive for hatching. 
 
Chapter 8: General Discussion  
This chapter synthesizes new information that emerged from each study in relation to 
appropriate literature sources.  Particular emphasis was placed on reviewing some of the 
methods and statistical techniques used in the relevant chapters.  A conceptual model for the 
spatial dynamics of the zooplankton is also presented.  The role of extreme short-lived 
meteorological events is discussed in relation to its structuring capacity of the zooplankton 
assemblages in the Mgazana Estuary.  Potential coping mechanisms in two dominant 
Copepoda species is discussed.  Lastly, an overview of the short-comings of the present study 
is given alongside potential topics for future research. 
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Chapter 2 
Description of the Study Area with Comments on Rainfall regimes 
 
2.1 General Characteristics 
The Mgazana Estuary is located approximately 20 km south of Port St Johns (inlet co-
ordinates: 31º41’31.53”S, 29º25’18.79”E).  The Mgazana River, measuring approximately 
150 km in length, meanders through a rural part of the Eastern Cape Province between the 
City of Mtata and the Indian Ocean (Macnae 1963).  The river catchment arises from small 
but steeply incised catchment estimated at about 285 km
2
 in area (Harrison et al. 2001).  The 
estuarine component extends roughly 6 km inland from the mouth and is bounded by an 
artificial causeway that abruptly stops tidal influence from moving further upstream (Fig. 
2.1).  Connection with the sea is permanently maintained via a prominent dolomite based 
rocky promontory along the southern shore at the mouth and through strong tidal exchange 
(Theron 2007).  Like most estuaries in the South African region, Mgazana is typically micro-
tidal, following a semi-diurnal cycle with a period of approximately 12.4 h (Schumann et al. 
1999).   
 
Although the large tidal prism (spring tide = 830 000 m
3
; neap tide = 170 000 m
3
) and 
reduced wave energy as a consequence of the rocky promontory help prevent mouth closure 
(Wooldridge 1977, Theron 2007) via berm build-up, there is still much sand movement 
through the estuary mouth.  This sand accumulates inside the estuary near the mouth, forming 
a dynamic delta measuring almost 300 m across.  Much of the delta becomes exposed during 
low tide, reducing the delta surface area to a few narrow and shallow channels.  Two tidal 
creeks join the main channel in the vicinity of the lower estuary.  Both creeks meander 
approximately 1.5 km north-east through dense mangrove forests.  The threatened red 
mangrove, Rhizophora mucronata Lam. (Rajkaran et al. 2004) dominates the mangal in the 
lower estuary.  White (Avicennia marina Forssk. Vierh.) and black (Bruguiera gymnorhizia 
L. Lam.) mangroves also occur here but are less common (Macnae 1963, Branch and 
Grindley 1979, Rajkaran et al. 2004).  Crabs representing the Ocypodidae (Uca urvillei, U. 
vocans and U. lactea annulipes) are common residents among the mangroves, where they 
contribute approximately 80% to the macrofaunal biomass of intertidal habitats (Emmerson 
1994). 
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Figure 2.1: The geographic position of the permanently open Mgazana Estuary showing 14 
monitoring stations: Main channel Stations 1 to 10 and Creek stations 1A, 1B and 2A, 2B in 
the lower and upper sections of Creek 1 and Creek 2 respectively.  Mangrove habitats, 
exposed sandy and shallow areas are illustrated.  The locations (P1, P2) of two continuous 
temperature recorders (HOBO Probes) are also shown (red asterisk). 
 
 
Creek 1 connects with the lower estuary approximately 150 m from the mouth.  Access to 
this creek by boat is only possible around high tide as the inlet is a narrow (< 8 m wide at 
HT), shallow (< 1.5 m at HT) channel that continually shifts in position as it crosses the 
sandy delta near the mouth.  With the exception of upstream areas (e.g. Station 1B, Fig. 2.1), 
the rest of the creek is shallow (mean depth < 1 m) over much of its 1.5 km length.  A change 
in subtidal sediment composition is evident in the upper reaches of Creek 1 where sediments 
become finer and enriched with organic material.   
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Table 2.1: Co-ordinates and general characteristics of the fourteen stations sampled in the present study. 
 
 
Station 1 31º41'42.0"S
29º24'57.9"E
0.65 Lower Depth: 0.5 - 2.0 m
Width: 61.18 m
Fast flowing currents, strongly influenced by tidal exchanges. Subtidal habitat dominated by marine
sediments.  Black and white mangrove trees cover the  intertidal on southern shore.  
Station 2 31º41'33.4"S
29º24'37.7"E
1.57 Lower Depth: 2.0 - 3.0 m
Width: 134.3 m
Near inlet of Creek 2. Deep channel strongly influenced by tidal exchanges. Large amounts of fine silts and
organic material from Creek 2 are deposited here on the ebb tides.  Turbidity highly variable.
Station 3 31º41'44.8"S 
29º24'18.3"E
2.53 Lower Depth: 2.0 - 5.0 m
Width: 197.6 m
Deepest channel in estuary, located adjacent to large shallow backwater area. White mangroves dominate
the intertidal area.  Subtidal sediments comprise fine silts.  Water moderately turbid.
Station 4 31º41'44.2"S
29º24'02.2"E
2.72 Middle Depth: 2.0 - 3.5 m
Width: 80 m
Gentle sloping channel, moderately influenced by tidal exchanges. Subtidal sediments are muddy and the
water moderately turbid.  The intertidal is dominated by white mangrove trees and salt marsh.
Station 5 31º41'44.4"S
29º23'38.9"E
3.31 Middle Depth: 2.0 - 3.0 m
Width: 76.3 m
Gentle sloping channel, moderately influenced by tidal exchanges. Subtidal sediments are fine and muddy.
The water is moderately turbid.  The intertidal is dominated by white mangrove trees.
Station 6 31º41'19.6"S
29º23'35.7"E
4.08 Middle Depth: 2.0 - 3.0 m
Width: 79.6 m
Deep channel on outer bend becomes much shallower towards the opposite bank. Sediments muddy and
water turbid.  Northern bank rises 2 m above water level.  White mangroves on southern bank.
Station 7 31º41'17.0"S
29º23'15.9"E
4.61 Middle Depth: 1.0 - 1.5 m
Width: 56 m
Channel shallow and water turbid. Subtidal sediments comprise fine silts and organic material. White
mangroves here reaches its upstream distribution limit.  Tidal influence is moderate.
Station 8 31º41'01.4"S
29º23'23.7"E
5.21 Upper Depth: 0.5 - 1.0 m
Width: 42.2 m
Channel universally shallow (<1 m). The bottom is rocky with some fine silts. Sedges and riparian
vegetation cover the  intertidal.  Water is turbid and moderately influenced by tidal exchanges.
Station 9 31º40'41.3"S
29º23'22.1"E
5.9 Upper Depth: 0.5 - 1.5 m
Width: 32.2 m
Shallow gentle sloping channel. Subtidal sediments are muddy and contains considerable amounts of
organic material.  Riparian plants cover the western shore and phragmites reeds the opposite bank.
Station 10 31º40'34.3"S
29º23'24.6"E
6.15 Upper Depth: 0.5 - 1.0 m
Width: 32.2 m
Upper most station near bridge.  Channel shallow with rocky bottom sediments.  Riparian vegetation,
sedges and phragmites reeds cover shores.  Area commonly flushed during heavy rainfall.
Station 1A 31º41'20.3"S
29º25'09.7"E
0.57 Lower/
Creek 1
Depth: 0.5 - 1.0 m
Width: 61.98 m
Located 300 m upstream from the inlet of Creek 1. Sediment dynamics are typically marine. Submerged
macrophytes occur in the subtidal while riparian plants and mangrove trees dominate the intertidal.
Station 1B 31º41'18.6"S
29º25'24.3"E
1.41 Lower/
Creek 1
Depth: 2.0 - 4.0 m
Width: 24.5 m
Located 1.5 km upstream from the inlet of Creek 1. Channel is deep (~4 m) but narrow. Intertidal
dominated by dense red mangrove forest.  Bottom sediments comprise coarse marine sediments.
Station 2A 31º41'30.3"S
29º24'32.8"E
1.86 Lower/
Creek 2
Depth: 1.0 - 2.5 m
Width: 30.4 m
Located 100 m upstream from the inlet of Creek 2. Channel is 2 m deep and strongly influenced by tidal
exchanges.  Subtidal sediment is muddy and loaded with organic material deposited from the creek.
Station 2B 31º41'19.8"S
29º24'35.3"E
2.23 Lower/
Creek 2
Depth: 0.5 - 1.5 m
Width: 42.5 m
Located 1 km upstream from creek inlet. Channel is shallow and sediment muddy. Red, white and black
mangroves dominate the intertidal.  Salt marsh cover areas where mangroves have been removed.  
Monitoring Site RemarksChannelCo-ordinates
(Lat/Long)
Distance from the 
sea (km)
Region
Chapter 2 
 16 
Creek 2 joins the main channel approximately 1.86 km upstream of the mouth (Fig. 2.1).  Its 
inlet is deeper than that of Creek 1, ranging between 2 and 3 m in depth.  In addition, as 
opposed to Creek 1 the inlet of Creek 2 is characterised by finer sediments and organic 
material deposited by out-flowing currents (see Chapter 7).  The bathymetry of Creek 2 
changes progressively upstream, becoming shallower (< 1 m) and narrower.   
 
Upstream of the creeks, the main channel meanders through an expansive, semi-cultivated 
plain.  While water depth ranges between 2 and 3 m, some areas of the main channel measure 
up to 50 m.  Long-term erosion by the characteristic strong tidal currents has resulted in the 
formation of vertical estuary banks, extending up to 2 m above high tide water level.  By 
contrast, the southern banks form a gentle gradient where sediments are stabilised by white 
mangrove trees.  Large numbers of grapsid (Neosermatium africanum and Sesarma catenata) 
and ocypodid crabs colonize these low-lying areas (Emmerson 1994).   
 
Fringing shrubs and sedges replace white mangrove trees as the dominant intertidal 
constituent ca. 4.5 km upstream from the mouth between Stations 7 and 8.  The upper reaches 
of the estuary (Stations 8 to 10) become very shallow (< 1.5 m), where subtidal sediments 
comprise coarse pebbles and larger rocks between pockets of fine silts and degrading organic 
material.  The elevated causeway at the top of the estuary results in unidirectional river flow 
preventing tidal exchange from extending further upstream (Fig. 2.1).   
 
2.2 Catchment Land-use 
Much of the 150 km length of the Mgazana River is characterised by steep, low lying hills 
(Macnae 1963).  More than 50% of the catchment has previously been classified as natural 
and 24% as degraded (Fig. 2.2) (Harrison et al. 2001).  However more recent images 
accessed through GoogleTM Earth (imagery date: November 2005) suggest that natural land 
cover may currently be less than the previous estimate put forward by Harrison et al. (2001).  
Judging by these images and personal observation, natural land cover seems to be limited to 
elevated and sloped areas.  Valleys and other open expanses are occupied by informal 
villages or have been altered for agriculture.  From these images, 16 villages are estimated to 
occur within 1 km from the Mgazana River, four of which surround the estuary.  Of these, the 
Masameni, Mampondomisini, Mdumazulu, Ngqongweni, Ludalasi and Buto villages 
comprised more than 50 houses at the time the image was taken in 2005.   
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Figure 2.2: Catchment and general land-use in the vicinity of the Mgazana River Estuary.  
Flood plains are predominantly used for subsistence farming: cultivation of crops and grazing 
for cattle and goats.  (after Harrison et al. 2001) 
 
 
According to the report by Harrison et al. (2001) only a small proportion of the estimated 
21% listed as informal agricultural practices, lies adjacent to the estuary (Fig. 2.2).  
Agricultural practices consist of livestock farming and cultivation of crops (predominantly 
maize).  Local communities also rely heavily on subsistence use of resources from the 
Mgazana Estuary, particularly those from the tidal creeks.  Sewage, heavy metal and 
pesticide contamination as well as excessive silt and nutrient loading are trademark 
consequences associated with increased anthropogenic activity in river catchments (Morant 
and Quinn 1999).    
 
Creek 2 is likely more important for subsistence and recreational use compared to Creek 1, as 
it is more readily accessible by land and by water.  Several mangrove areas cleared by tree 
harvesters are visible along the banks of Creek 2 (cf. Rajkaran et al. 2004).  Numerous 
smaller channels draining the mangal are modified to facilitate the capture of swimming 
prawns (Decapoda: Penaidacea), a species specifically targeted by local subsistence 
fishermen (pers. observation).  Intertidal habitats in both creeks are mostly covered by 
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mangrove trees.  Available habitat for burrowing species such as the mud prawn, Upogebia 
africana (Decapoda: Thalassinidae) is therefore limited (Branch and Grindley 1979).  
Upogebia africana is a preferred bait species used for fishing in Mgazana by subsistence 
fishermen (pers. observation).  These prawns are collected in large numbers by means of 
digging with crude tools, the effects of which are visible in various parts of the estuary.   
 
2.3 Rainfall 
No rainfall data are available for the Mgazana area.  Instead, records from the nearest weather 
station in the Port St Johns area were obtained from the South African Weather Service (Port 
St Johns Lighthouse Station 019068X: period: 1980 to 2006) and analysed for monthly and 
annual trends.  The area receives rain throughout the year with an average monthly rainfall of 
97.98 mm and mean annual rainfall (MAR) of 1 116.9 mm yr
-1
 (n = 27) (Fig. 2.3).  Maximum 
rainfall occurs during spring and summer from October (mean ± 1SD = 125.8 ± 87.0 mm) to 
March (145.2 ± 113.3 mm).  Winter rainfall was lower with a minimum mean rainfall of 36.2 
± 69.3 mm recorded for June (Fig. 2.3).  A detailed examination of intra-monthly variation in 
rainfall indicated that heavy rains were not uncommon in winter.  For example, on six 
occasions rainfall greater than the MAR were measured over the 27 year period.   
 
Total annual rainfall recorded for the years 1990 to 1993 and 1999 was well below the overall 
MAR and representative of dry periods in the data series (Fig. 2.4).  Seasons of exceptionally 
high rainfall (> 1 400 mm.yr
-1
) occurred cyclically every 7 to 8 years (Fig. 2.4).  The 
maximum annual rainfall in the time series was recorded in 2006 with over 300 mm falling in 
October.  Rainfall occurred most frequently during the month of October (Fig. 2.5e).  On 
average the number of rainfall days ranged from 6.0 to 7.7 d.mo
-1
 in summer (Fig. 2.5e).  In 
contrast, rainfall occurred less frequently during the months of June (1.9 d.mo
-1
) and July (2.1 
d.mo
-1
).  Rainfall days receiving less than 20 mm were most frequently recorded in the time 
series, consistently contributing more than 60% to the total monthly rainfall days (Fig. 2.5a).  
The highest frequency of heavy rainfall (> 60 mm d
-1
) occurred in March (0.4 ± 0.9 d.mo
-1
) 
and the lowest in June (0.1 ± 0.4 d.mo
-1
) and August (0.1 ± 0.3 d.mo
-1
) (Fig. 2.5d).  The 
highest amount of rain received in a single day between 1980 and 2006, was recorded on the 
28
th
 December 1994, and measured to 219 mm. 
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Figure 2.3: Mean monthly rainfall for the Port St Johns area, measured as total rainfall 
received per month from the year 1980 to 2006 (n = 27 yrs).  On average, most rain falls in 
January (blue bar) and the least in June (Red bar).  Overall mean monthly rainfall for the 
district indicated by red hatched line.   
 
 
 
 
Figure 2.4: Total annual rainfall (mm) recorded in the Port St Johns area from the year 1980 
to 2006.  The mean annual rainfall for this period is indicated by the red hatched line.  Most 
rainfall was recorded in 2006 (blue arrow) and the least in 1992 (red arrow). 
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Figure 2.5: Rainfall days per month in four volume categories: (a) < 20 mm, (b) 20-40 mm, 
(c) 40-60 mm and (d) > 60 mm per day.  The proportional rainfall days per volume category 
for each month are also shown (e).  Rainfall occurred most frequently in October and least 
frequently in June.  Rainfall less than 20 mm per day was common throughout the year.  
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Chapter 3 
Physico-chemical characteristics of the Mgazana River Estuary 
 
3.1 Introduction 
The physico-chemical characteristics of South African estuaries are primarily influenced by 
geographical location, catchment size, climatology, mouth dynamics and level of 
anthropogenic intervention (Whitfield and Wooldridge 1994, Morant and Quinn 1999, 
Schumann et al. 1999, Harrison 2004).  Of these, rainfall and runoff are arguably most 
influential (Day 1981a).   
 
In the Transkei region, rainfall follows a gradient of increasing falls from the south (~750 
mm) to the north (~ 1 100 mm) of the coast (Colloty et al. 2001).  In Chapter 2 (Section 2.3), 
it was shown that rainfall occurs throughout the year, peaking in the summer.  It was also 
found that total annual falls near 2 000 mm are often recorded for the greater Port St Johns 
region.  Runoff among permanently open estuaries vary considerably in the Transkei region.  
For example, the Mzimvubu Estuary (31º38’S, 29º33’E), situated approximately 20 km north 
of the study site, is classified as a river dominated system, draining a comparatively large but 
poorly managed catchment (Whitfield 2000).  In contrast, Mgazana drains a small but steep 
catchment that translates to comparatively small runoff volumes (Van Niekerk and Huizinga 
2007).  As a result, large areas of Mgazana are directly influenced by tidal ebb and flows 
(Wooldridge 1977).   
 
Information on the physico-chemical characteristics of the Mgazana River Estuary is limited 
to a few short-term studies (< 3 yrs) that were mostly descriptive (e.g. Wooldridge 1977, 
Branch and Grindley 1979, Dye 1979, 1983a, 1983b, 1983c, Deyzel 2004, Thwala 2004, 
Louw 2007, Theron 2007, Van Niekerk and Huizinga 2007).  The Transkei Estuaries 
Programme, initiated in 2001 as an umbrella project for numerous student research projects 
(e.g. Deyzel 2004, Thwala 2005, Louw 2007), offered a longer-term opportunity to 
investigate seasonal and inter-annual dynamics of the physico-chemical characteristics of the 
Mgazana Estuary.  The present study provides a comprehensive analysis of a suite of 
physico-chemical variables collected over a five-year period between 2002 and 2006, in an 
attempt to bridge this shortfall.  
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In particular, the present study was aimed at describing spatial, seasonal and inter-annual 
trends.  Using traditional and original applications of existing statistical techniques, the 
following objectives were pursued in the present study: 
1. to investigate whether variability in physico-chemical variables were consistent 
between seasons (summer vs. winter) and sampling years (2002-2006, n = 5) 
2. to investigate whether variability in physico-chemical variables were consistent 
between specific regions in the estuary, i.e. main channel: lower vs. middle vs. upper; 
creeks and lower main channel: Creek 1 vs. Creek 2 vs. lower main channel. 
3. to investigate regional specific seasonal variation using change in seasonal variation 
(ΔEV) as indicator in order to establish which estuary regions shows significant 
variation from summer to winter 
4. to quantify the rate of change in salinity and temperature over horizontal and vertical 
scales of the estuary through linear regression modelling to gain insights into the 
magnitude of gradients over these scales compared between seasons 
5. to compare and contrast variability in physico-chemical variables over the horizontal 
scale of the Mgazana Estuary using Coefficient of Variation as indicator 
 
Gaining a thorough understanding of the spatial and temporal dynamics of physico-chemical 
variables was considered a primary objective before exploring the complexity of zooplankton 
community dynamics within the system. 
 
3.2 Materials and Methods  
3.2.1 Environmental variability 
Data collection 
The Transkei Estuaries Programme (TEP), as umbrella project for the present study, has been 
monitoring environmental variables in the Mgazana Estuary since 2001.  Ten data series 
representing a five-year period between 2002 and 2006 were selected to address key 
hypotheses related to the objectives of the present investigation.  Even though some data 
series during the period were reported by other TEP researchers and programmes (Table 3.1), 
all field observations were made by the author.   
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Dedicated excursions to the study site were undertaken biannually, in mid- summer (January-
February) and mid-winter (July-August).  To minimize sampling error arising from lunar 
effect on tidal fluctuations, sampling excursions always coincided with neap high tides 
associated with the half moon phase.  Environmental variables were monitored at 10 stations 
(Stations 1 to 10) in the main channel, approximately equally spaced from the mouth to the 
upper estuary (Figure 2.1, Chapter 2).  Two additional stations were located in each creek 
(Creek 1: Site 1A and 1B; Creek 2: Site 2A and 2B).   
 
Table 3.1: Environmental variables sampled between 2002 and 2006 including variables 
available for analysis, equipment used for field observations and past data users.  T = 
temperature (ºC), S = salinity (practical salinity units), DO = dissolved oxygen (mg.L
-1
), Tu = 
turbidity (NTU).  
†
 see text for details. 
 
 
 
 
Creek stations represented the lower and upper reaches in each case (Figure 2.1, Chapter 2).  
The following variables were measured at each station using an YSI 6600 Multiparameter 
Sonde: temperature (ºC), salinity (practical salinity units = psu), dissolved oxygen (mg.L
-1
) 
and turbidity (Nephelometric Turbidity Units = NTU).  Variables were measured at the 
surface, 0.5 m, 1 m and there after at 1 m depth intervals to the bottom of the water column, 
in a single session starting at Station 1B in the upper reaches of Creek 1.  All measurements 
were made from a small river boat, fitted with an outboard motor.  The YSI Sonde was not 
available for measuring environmental variables in the summer of 2002 (Table 3.1: 
§
 
Alternative).  Instead readings of temperature and salinity were respectively measured with a 
Series Season Equipment Data user
S1 January 2002 Summer T, S Alternative† Deyzel 2004
W1 June 2002 Winter T, S, DO YSI Sonde 6600 Deyzel 2005
S2 January 2003 Summer T, S, DO YSI Sonde 6600 Deyzel 2006
W2 June 2003 Winter T, S, DO YSI Sonde 6600 Deyzel 2007
S3 January 2004 Summer T, S, DO YSI Sonde 6600 Present study
W3 June 2004 Winter T, S, DO, Tu YSI Sonde 6600 Louw 2007
S4 January 2005 Summer T, S, DO, Tu YSI Sonde 6600 Louw 2008
W4 August 2005 Winter T, S, DO, Tu YSI Sonde 6600 Louw 2009
S5 January 2006 Summer T, S, DO, Tu YSI Sonde 6600 Present study
W5 August 2008 Winter T, S, DO, Tu YSI Sonde 6600 Present study
Sampling
date
Variables
recorded
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standard laboratory thermometer and an ATAGO Refractometer.  For this purpose, samples 
of water were retained from specified depths using a Niskin-type water sampler.  Due to 
equipment failure in the field, turbidity data were only recorded from June 2004 to August 
2006 (Table 3.1). 
 
Input data 
Original rather than pooled data were used for statistical testing to minimise loss of 
information.  Pooling data of this nature was not considered to minimise the probability of 
masking the influence of extreme values on spatial and temporal trends.  Each datum entry 
was thus treated as an individual observation for all statistical tests.  A datum entry in 
obvious departure from other data in the same sample was only treated as an outlier, when it 
was measured with faulty equipment or when incorrectly recorded by an observer. 
 
Pre-treatment 
Prior to hypothesis testing raw data were tested for normality (Kolmogorov-Smirnov test with 
Lilliefor’s correction) and equality of variances (Levene Median test).  Neither raw nor log 
transformed data met the assumptions for parametric statistical testing (normality, P < 0.050; 
equality, P < 0.050).  Only nonparametric statistical tests were therefore considered to 
address null hypotheses. 
 
Statistical comparisons for k-groups = 2 
To test for significant differences between seasons, i.e. summer and winter (k = 2, α = 0.05), 
the nonparametric Mann-Whitney Rank Sum test was employed.  This procedure was 
performed on raw data only and was duplicated for each environmental variable.  Statistical 
analyses were performed in EXCEL, SIGMAPLOT 11 and STATISTICA 8. 
 
Statistical comparison for k-groups > 2 
The Kruskal-Wallis Analysis of Variance on Ranks test (K-W ANOVA) tested the null 
hypothesis of no significant differences in physical variables between sampling years 
(temporal analysis) and estuarine regions (spatial analysis).  In both cases, the null hypothesis 
was rejected at the 5% significance level.  For the inter-annual test, k-groups equaled the 
amount of years a particular parameter was monitored (maximum k = 5).  The Mann-Whitney 
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Rank Sum test was used instead where less than three k-groups were compared (summer 
turbidity: k = 2).   
 
Post hoc comparisons were computed when significant results (P < 0.050) were obtained 
from K-W ANOVAs.  For groups equal in sample size the nonparametric Tukey multiple 
comparisons among medians test was performed in preference to the Student-Newman-Keuls 
multiple range test, because of the latter’s tendency to “falsely declare significant differences 
with a probability greater than α” (Zar 1999, p214).  In this study, the sample sizes between 
groups differed substantially since the quantity of n depended upon the depth of the water 
column for a particular station, which varied between sampling efforts.  In such cases, 
Dunn’s procedure for nonparametric multiple comparisons were preferred (Zar 1999).  For 
both the Tukey-type and Dunn’s multiple comparisons tests, the null hypothesis of no 
difference between groups were rejected at the 5% significance level.  Statistical analyses 
were performed in EXCEL, SIGMAPLOT 11 and STATISTICA 8.   
 
3.2.2 Region specific seasonal variation 
The aim of this analysis was to investigate regional specific changes in temperature and 
salinity between sequential summer and winter samples.  Change was calculated as the 
difference in integrated means calculated for each station between sequential summer and 
winter samples.  For any one station, change in an environmental variable was here quantified 
using the following equation: 
 
n
SEV
n
WEV
EV
n
i
i
n
i
i
i



11
)()(
 (3.1) 
 
where ∆EVi = seasonal change in environmental variable quantity of sampling year I; EV(W) 
= Environmental variable quantity measured in winter; EV(S) = Environmental variable 
quantity measured in summer; n = the number of observations, the quantity of which was 
related to the depth of the water column at the time of sampling. 
 
Negative ∆EV values suggested a decrease from summer to winter while positive values 
indicated an increase.  A difference of zero meant that there was on average no change from 
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summer to winter.  Significant departures from zero were tested with two-tailed, one-sample 
Student’s t tests (H0 rejected at 5% significance level).  Statistical analyses were performed in 
SIGMAPLOT 11 and STATISTICA 8.   
 
3.2.3 Gradient analysis 
For the purpose of this study, a gradient was defined as the gradual negative (decrease) or 
positive (increase) change in the magnitude of a particular physico-chemical variable over a 
known spatial scale.  Two spatial scales were considered in the analysis: horizontal gradients 
investigated differences from the mouth to the upper estuary; vertical gradients considered 
differences over depth scales, i.e. from surface to bottom of the water column at one 
particular location in the estuary. 
 
Horizontal gradients 
The Mgazana Estuary is hypothesized to portray weak horizontal gradients given the 
comparatively small fresh water inputs from its catchment (cf. Van Niekerk and Huizinga 
2007).  To test this hypothesis the magnitude of change in temperature and salinity over 
longitudinal scales were explored by means of simple linear regressions.  Raw data of 
temperature and salinity (dependent or response variable) collected over a five-year period 
(2002-2006) at the ten main channel stations were plotted against their respective distances 
from the sea in kilometers (independent or regressor variable).  Summer and winter series 
were fitted separately.  The data was fitted with a linear model of type (Zar 1999): 
 
Yi = a + bXi  (3.2) 
 
where Yi = environmental variable quantity at distance quantity Xi; a = Y intercept (constant); 
b = regression coefficient or slope (constant) and rate of change of environmental variable (Y) 
over axial distance (X); Xi = quantity of distance at variable quantity Yi. 
 
A positive slope (b) indicated an increase in quantity of the environmental variable with an 
increase in distance from the mouth, while a negative slope indicated the opposite.  In order 
to validate such inferences, the significance of both b and the fitted regression were explored.  
Dependence of an environmental variable change on distance from the sea was statistically 
verified when b was found not to be equal to zero.  To test H0: b = 0 against HA: b ≠ 0 an one 
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way ANOVA was performed, where the null hypothesis was rejected at the 5% significance 
level (Zar 1999).  The coefficient of determination or r
2
 as a measure of how well the 
straight-line relationship was defined was calculated as (Zar 1999): 
 
squaresofsumtotal
squaresofsumregression
r 2  (3.3) 
 
Statistical analyses were performed in SIGMAPLOT 11 and STATISTICA 8. 
 
Vertical gradients 
Inspecting the magnitude of differences between surface and bottom measurements of 
salinity and temperature provided insight into the level of vertical mixture and stratification 
in the water column.  Small differences (∆) approaching zero inferred a well mixed water 
column (maximum at ∆ = 0).  Conversely, large ∆ values suggested stratification.  Only data 
from main channel stations (Stations 1 to 10) were considered.  Summer and winter series 
were treated separately to distinguish seasonal effects.  Differences were calculated for data 
collected during each year of sampling (2002 to 2006) and were analysed over the 
longitudinal axis of the Mgazana Estuary.  Means calculated for winter and summer data 
were investigated separately.  To ascertain whether vertical gradients differed significantly 
between seasons, absolute ∆ values were used as input data to a Mann-Whitney Rank Sum 
test (null hypothesis rejected at 5% significance level).  Calculations were made in EXCEL 
and SIGMAPLOT 11.    
 
3.2.4 Variability 
The Coefficient of Variation (CV) was calculated to assess variability in mean estimates of 
temperature, salinity, dissolved oxygen and turbidity recorded in summer and winter between 
2002 and 2006.  The CV is considered an appropriate measure of variability as it is unit-free, 
independent of sample size and not affected by zero data, which consequently requires no 
transformation which may introduce bias in density variable estimates (McArdle et al. 1990, 
Reed et al. 2002, Heath 2006).   
 
The CV expresses sample variability relative to the sample mean, usually resulting in small 
values and is therefore expressed as a percentage as follows (Zar 1999):  
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100(%) 
X
SD
CV           (3.4) 
 
where SD represents the Standard Deviation calculated from the sample mean X (Zar 1999).  
Taylor power plots of log(CV) versus log(mean values, denoted X) were first computed to 
validate statistical comparisons of mean CV values (McArdle and Gaston 1995).  Data series 
were only considered for statistical testing when CV-values were independent of their 
respective mean values, i.e. where the slope (b) was equal to, or close to, zero.  Calculations 
were made in EXCEL and SIGMAPLOT 11. 
 
3.3 Results 
3.3.1 Physico-chemical variables 
Temperature 
Water temperatures showed marked seasonal trends (Figs. 3.1a, 3.2a, c).  Values recorded in 
summer (mean ± 1SD = 25.3 ±1.8 ºC) significantly dominated (U = 3.000, P < 0.001) 
temperatures recorded in winter (18.6 ± 1.1 ºC) by a margin of ~7 ºC.  Summer temperatures 
varied considerably between the minimum (21.6 ºC, Station 7, 2005) and maximum (29.3 ºC, 
Station 6, 2002) ranges (Fig. 3.1a).  Although summer temperatures fluctuated significantly 
between years (H = 83.800, df = 4, P < 0.001, Table 3.2) a simple linear regression function 
indicated a poor but significant decreasing trend (r
2
 = 0.185, b = -0.500, P < 0.001) over the 
time series.  In contrast, winter temperatures reflected an increasing trend (r
2
 = 0.161, b = 0.3 
ºC.yr
-1
, P < 0.001) between sampling years (Fig. 3.2b).  Winter temperatures ranged between 
13.0 ºC (Station 2, 2002) and 21.9 ºC (Station 1A, 2006) (Table 3.2).  Observations as low as 
13 ºC (below 5
th
 percentile) were rarely made during the study period (Fig. 3.1a).  Most 
values ranged between 18.0 ºC (25
th
 percentile) and 19.1 ºC (75
th
 percentile) (Fig. 3.1a).  
Summer temperatures varied considerably (H = 62.572, df = 2, P < 0.001) between the lower 
(24.7 ± 1.4 ºC), middle (25.5 ± 1.8 ºC) and upper regions (27.5 ± 1.1 ºC), reflecting a gradual 
increase in an upstream direction (Fig. 3.3a).  In contrast, spatial trends for winter, were 
poorly defined (Fig. 3.4a).  A significant difference among region medians (H = 6.320, df = 
2, P = 0.042), resulted merely from differences in values between the lower and upper 
regions of the estuary (Dunn’s: Q = 2.452, P < 0.05) (Fig. 3.4a).   
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Figure 3.1: Seasonal comparison of temperature (a), 
salinity (b), turbidity (c) and dissolved oxygen (d)
measured in the Mgazana Estuary between 2002 and 
2006.  Results from Mann-Whitney Rank Sum tests 
are shown.  Significance was set at 5%.  Numbers 
next to boxes represent means (red hatched line).  
Temperature, turbidity and dissolved oxygen varied 
significantly between seasons.  
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Salinity 
On average, differences in salinity between seasons were small (U = 24 119, P = 0.060, Fig. 
3.1b).  Summer values ranged from 2 to 37 (mean ± 1SD = 31 ± 6.0) and winter values from 
0 to 36 (29 ± 9.1).  During both seasons, salinity values close to that of the ocean (~35.0) 
were recorded as far upstream as Station 7 (~4.5 km from the mouth), beyond which values 
generally decreased (upper region range = 0.2 – 32.6, Table 3.3).  High variability noted for 
salinity values measured in the upper region (Station 8 to 10) suggest frequent mixture 
between river and tidal driven salt water wedges (Figs. 3.3b, 3.4b).  Both summer and winter 
data series were generally right skewed (Figs. 3.1b, 3.3b, 3.4b), indicating that low salinity 
values were only recorded on a few occasions.  This became more evident when winter 
values were compared between regions (Fig. 3.4b). 
 
Salinity values ranged from 6.2 to 36.2 in the lower region, yet, 70% of these observations 
ranged between 32.3 (25
th
 percentile) and 36.2 (95
th
 percentile) (Fig. 3.4b).  An inspection of 
mean winter salinity values between sampling years confirmed the 2006 data series as the 
main source of variation contributing to the negative skewed dispersion pattern of winter 
salinity observations (Fig. 3.4b).   
 
The mean salinity for August 2006 was 16.3 ± 10.4, half that calculated for any other winter 
sample during the study period (Fig. 3.2b).  The 2006 winter series therefore presents an 
example of a ‘winter flooded state’.  The August 2006 data series varied considerably from 
the other series in the study period (Fig. 3.5).  The area received more than 130 mm of rain 
from the 1
st
 to 18
th
 August 2006, an unusually large amount of rain for the winter season.  
The estuary was in a state of recovery after a flood swept through days before measurements 
were taken.  The influence of increased runoff was evident along the entire longitudinal axis 
of the main channel.  Even stations near the mouth recorded lower (~5) salinity values 
compared to other years monitored during the study period. 
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Figure 3.2: Inter-annual variability in temperature and salinity monitored in the Mgazana 
Estuary from 2002 to 2006.  Data represent the mean (± 1SD) of all observations made for 
summer (a, c) and winter (b, d) over the five-year sampling period.  Summer and winter 
salinities varied considerably between years, while temperatures measured in summer and 
winter, followed decreasing and increasing trends respectively.  
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Table 3.2: Inter-annual variability in selected physico-chemical variables monitored in the 
Mgazana Estuary over a five-year period.  Results from Kruskal-Wallis ANOVA on Ranks 
and Mann-Whitney U tests are presented along with P results at α = 0.05.  Data show mean ± 
1SD and minimum – maximum values in parentheses.  All variables tested fluctuated 
significantly between years.  
 
 
 
 
Turbidity 
Turbidity showed marked spatial trends, increasing in value from the mouth to the upper 
estuary (Figs. 3.3c, 3.4c).  Values fluctuated between 0 and 50 NTU and were on average 
higher in winter (mean ± 1SD = 19.7 ± 13.3 NTU) compared to summer (13.7 ± 12.3 NTU) 
(Fig. 3.1c).  Lower region turbidity changed significantly between seasons (U = 1 018, P < 
0.001) but was more stable upstream of Station 3 (Table 3.3). 
 
Dissolved Oxygen 
Dissolved oxygen concentrations varied markedly in time and space (Figs. 3.1d, 3.3d, 3.4d).  
Summer values ranged between 3 and 10 mg.L
-1
 and was consistent between regions (H = 
3.370, df = 2, P = 0.185).     
Variable 2002 2003 2004 2005 2006 KW(H )/MW(U )
† P
Summer
Temperature (ºC) 26 ± 1.6
(24 - 29)
26 ± 1.6
(23 - 28)
27 ± 0.9
(25 - 29)
25 ± 1.9
(22 - 29)
24 ± 1.1
(23 - 27)
83.793 <0.001
Salinity (psu) 28 ± 4.4
(15 - 33)
33 ± 4.0
(15 - 35)
30 ± 6.7
(10 - 35)
31 ± 6.7
(2 - 35)
34 ± 5.4
(4 - 37)
86.519 <0.001
Turbidity (NTU)
* * *
17 ± 12.0
(0 - 45)
11 ± 12.1
(0 - 45)
†
913.500 0.001
Dissolved Oxygen (mg.L
-1
) *
6 ± 1.3
(4 - 9)
6 ± 1.7
(3 - 10)
6 ± 1.4
(3 - 9)
6 ± 0.6
(4 - 7)
14.023 0.003
Temperature (ºC) 18 ± 0.2
(13 - 20)
18 ± 1.1
(16 - 20)
18 ± 0.4
(18 - 19)
19 ± 0.4
(18 - 20)
19 ± 1.3
(17 - 22)
46.074 <0.001
Salinity (psu) 32 ± 4.9
(12 - 36)
34 ± 5.1
(6 - 36)
32 ± 1.6
(28 - 34)
33 ± 2.4
(26 - 35)
16 ± 10.4
(0.2 - 30)
128.631 <0.001
Turbidity (NTU)
* *
28 ± 9.2
(8 - 44)
20 ± 6.2
(11 - 45)
11 ± 15.3
(0 - 48)
47.314 <0.001
Dissolved Oxygen (mg.L
-1
) 4 ± 2.6
(1 - 12)
6 ± 1.5
(5 - 14)
7 ± 0.3
(6 - 8)
7 ± 0.7
(5 - 8)
7 ± 2.8
(4 - 18)
55.010 <0.001
Winter
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Figure 3.3: Variation in summer measurements of temperature (a), salinity (b), turbidity (c) 
and dissolved oxygen (d) between regions of the Mgazana Estuary.  Box and whisker 
parameters the same as for Fig. 3.1.  Differences in region medians were tested with Kruskal-
Wallis ANOVA on rank tests.  Homogeneous regions were identified by post-hoc multiple 
comparisons using Dunn’s procedure and are indicated by letters.  Temperature, salinity and 
turbidity varied significantly between regions.   
 
 
In comparison, higher concentrations were measured in winter (U = 16 427, P < 0.001), 
particularly in the upper region (mean ± 1SD = 9 ± 3.1 mg.L
-1
)
 
(Fig. 3.4d).  Winter data 
displayed a positively skewed dispersion pattern (Figs. 3.1d, 3.4d), implying that only a few 
observations of high concentrations were made during the study period.  These observations, 
despite the low number, contributed substantially to the overall variability in the upper 
estuary.  This again points towards the weighted effect of rainfall-induced runoff increases on 
the physico-chemical regime of the Mgazana Estuary. 
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Figure 3.4: Variation in winter measurements of temperature (a), salinity (b), turbidity (c) 
and dissolved oxygen (d) between regions of the Mgazana Estuary.  Box and whisker 
parameters the same as for Fig. 3.1.  Differences in region medians were tested with Kruskal-
Wallis ANOVA on rank tests.  Homogeneous regions were identified by post-hoc multiple 
comparisons using Dunn’s procedure and are indicated by letters.  All parameters varied 
significantly between regions.   
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Table 3.3: Seasonal comparison of selected physico-chemical variables measured in the 
lower, middle and upper regions of the Mgazana Estuary.  Regions were compared between 
seasons with the nonparametric Mann-Whitney U test.  The null hypothesis of no difference 
between seasons was rejected at the 5% significance level.   
 
 
 
 
 
 
Figure 3.5: Mean (± 1SD) salinity for sampling years 2002 to 2006 (black circles) compared 
with salinity measured during a ‘wet’ winter (2006) (open circles).  Data represent station 
means for Stations 1 to 10 in the main channel of the Mgazana Estuary plotted against 
respective distances from the mouth.   
n Mean SD SE Min Max n Mean SD SE Min Max U P
Temperature (ºC)
Lower 132 24.7 1.4 0.12 22.9 28.5 112 18.6 1.3 0.12 13.3 21.9 <0.001 <0.001
Middle 83 25.5 1.8 0.20 21.6 29.3 75 18.6 0.7 0.08 17.5 21.4 <0.001 <0.001
Upper 32 27.5 1.1 0.20 25.3 29.3 32 18.2 0.9 0.16 16.6 20.3 <0.001 <0.001
Salinity (psu)
Lower 130 33.4 3.2 0.28 19.0 36.5 112 31.8 6.2 0.58 6.2 36.2 6 454 0.128
Middle 83 31.6 3.5 0.38 19.0 36.7 75 28.4 9.4 1.09 1.2 36.0 2 809 0.291
Upper 32 20.3 8.1 1.43 1.8 31.6 32 20.5 11.9 2.10 0.2 32.6 433 0.289
Turbidity (NTU)
Lower 56 5.1 8.8 1.18 0.0 44.6 70 15.0 11.7 1.40 0.0 45.2 1 018 <0.001
Middle 33 22.4 8.7 1.51 11.0 45.2 49 25.1 13.0 1.86 0.0 48.3 699 0.300
Upper 18 24.2 7.4 1.75 16.5 45.4 21 22.5 13.7 3.00 0.4 47.0 158 0.382
Dissolved Oxygen (mg.L
-1
)
Lower 104 5.9 1.4 0.13 2.6 9.6 107 5.9 1.5 0.15 1.2 9.8 4 567 0.025
Middle 70 6.1 1.1 0.14 3.1 8.5 73 6.3 1.4 0.16 2.5 10.7 2 184 0.135
Upper 29 6.0 1.6 0.30 2.7 9.4 32 8.8 3.1 0.55 5.5 17.8 174 <0.001
Summer (2002-2006) Winter (2002-2006) Mann-Whitney U  test
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3.3.2 Physico-chemical characteristics of two tidal creeks 
The physico-chemical characteristics of Creek 1 and Creek 2 were compared to Stations 1, 2 
and 3 in the lower estuary.  These stations compose the lower region group used for spatial 
comparisons elsewhere in this study (e.g. Fig. 3.3).   
 
Creek stations were not statistically different from other stations in the lower estuary (K-W 
ANOVAs: P range = 0.012 - 0.941).  Temperature (H = 16.253, df = 6, P = 0.012, Fig. 3.6a) 
and dissolved oxygen concentrations (H = 16.370, df = 6, P = 0.011) measured in summer, 
were the only two exceptions.  Temperatures peaked towards the upper regions of each creek 
(Fig. 3.6a).  Maximum temperature for the series (28 ºC) was recorded at Station 2B in the 
upper reaches of Creek 2.  The water at Station 2B, also in the upper region of Creek 2, 
reached temperatures of 28 ºC and was on average (mean ± 1SD = 26 ± 1.6 ºC) 
approximately 2 ºC warmer than the water near the mouth (24 ± 0.79 ºC).  In contrast, winter 
temperatures measured at Station 2B were lower when compared to sites in the lower 
Mgazana Estuary (Fig. 3.6b).  Shallow and narrow water channels towards the upper regions 
are features common to both creeks, making these areas more likely to be affected by 
atmospheric temperatures, an effect clearly reflected in the data (Fig. 3.6a, b).  Both creeks 
were strongly influenced by tidal exchange and maintained salinity values close to that of 
seawater (K-W ANOVA between stations, summer: P = 0.498, winter: P = 0.446) (Fig. 3.6c, 
d).  These findings suggest firstly, that both creeks are strongly influenced by tidal exchanges 
and secondly, that neither creek receives regular freshwater inputs from the low-lying 
foothills that characterise their respective margins. 
 
Dissolved oxygen concentrations showed distinct spatial patterns in summer (Fig. 3.7e).  
Values measured in Creek 1 were on average, nearly 2 mg.L
-1
 higher compared to Creek 2 
(Table 3.4).  Median differences between Creek 1 and Creek 2 were not substantial enough in 
winter to be distinguished statistically (U = 325.5, P = 0.890).  Values below 3 mg.L
-1 
were 
on occasion recorded in bottom waters towards the upper regions of both creeks.  These areas 
are characterised by fine sediments, enriched with organic material originating from the 
surrounding mangrove trees. 
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Figure 3.6: Comparison of seasonal mean values  (± 1SD) in temperature (a, b), salinity (c, 
d) and dissolved oxygen (e, f) at creek stations (1A, 1B, 2a, 2B) and stations (1, 2, 3) in the 
lower reaches of the Mgazana Estuary.  Station categories are arranged in their rank order of 
distance from the sea.  Mean values were calculated from raw data collected over the five-
year study period (2002-2006).  Kruskal-Wallis ANOVAs revealed little difference among 
stations in the lower estuary.  Test results are given and where significant, heterogeneous 
groups identified with superimposed letters (Dunn’s multiple comparison test).  
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Table 3.4: Between-creek comparison of temperature and dissolved oxygen measured in 
summer and winter.  Original data collected from 2002 to 2006 were used as input data.  
Salinity and turbidity showed no significant difference between creeks and are not listed here.  
The null hypothesis of no significant difference was rejected at the 5% significance level. 
 
 
 
 
3.3.3 Region specific seasonal variation 
Seasonal change estimated as the mean difference between sequential summer and winter 
environmental variables, highlighted sites experiencing significant shifts between seasons.  
Of the variables monitored, temperature reflected the largest change between summer and 
winter (Fig. 3.7a).  Temperature changed significantly within all regions of the estuary 
(Student’s t test: P < 0.001 across all regions, Table 3.5).  A definitive negative trend in ∆T 
was observed along the longitudinal axis (Fig. 3.7a).  The most significant shift occurred in 
the upper regions (t = 9.269, df = 14, P < 0.001) and in particular at Station 10 (mean ± 1SD 
∆T = -9.7 ± 1.1 ºC).   
 
Seasonal shifts in salinity were less marked (Fig. 3.7b).  Salinity was relatively stable in the 
lower and middle regions (P range = 0.074 - 0.204), with a maximum ∆S of 2.5 ± 1.8 
calculated for Station 6 (Fig. 3.7b).  ∆S values increased sharply upstream of Station 7, 
reaching a series maximum ∆S of 10.9 ± 4.2 at Station 9.  This was the only region that 
showed significant departures from zero or no seasonal change (t = 6.637, df = 11, P < 0.001, 
Table 3.5). 
n Mean SD n Mean SD U P
Temperature (ºC)
Summer 33 24.88 1.46 36 24.99 1.50 578.0 0.852
Winter 25 18.89 1.32 30 18.30 0.89 258.5 0.049
Dissolved Oxygen (mg.L
-1
)
Summer 27 6.34 1.76 26 4.98 1.16 185.8 0.003
Winter 23 6.02 1.52 29 5.87 1.80 325.5 0.890
Creek 1 Creek 2 Mann-Whitney U  Test
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Figure 3.7: Mean seasonal differentials (∆) calculated for Stations 1 to 10 in the main 
channel of the Mgazana Estuary.  Differentials represent change in temperature (a) and 
salinity (b) from summer to the following winter in the same sampling year.  Negative ∆ 
indicate summer maxima and positive ∆ winter maxima.  Vertical hatched lines distinguish 
estuary regions and stations pooled for testing significant seasonal changes (one-sample 
Students t test: H0: ∆EV = 0; HA ∆EV ≠ 0).  * P < 0.05, ** P < 0.01, *** P < 0.001. 
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Table 3.5: Season differentials calculated as the mean difference in temperature and salinity 
between sequential summer and winter samples.  A mean difference of zero indicates no 
change between seasons within that particular region of the Mgazana Estuary.  Significant 
differentials were tested with a one-sample Student’s t test.  Significant P values are listed, 
for which the null hypothesis of no difference was rejected at the 5% significance level.  The 
entire estuary underwent substantial temperature changes between seasons, while salinity 
showed significant changes in the upper estuary only.   
 
 
 
 
3.3.4 Gradients 
Horizontal gradients: 
In summer, temperature increased steadily from the mouth to the upper estuary (Fig. 3.8a).  A 
linear regression through the original observations confirmed a significant positive 
relationship (r
2
 = 0.355, P < 0.001) between temperature and distance, with a constant 
increase (b) of 0.68 ºC.km
-1
 (Fig. 3.8c).  Winter temperature, in contrast, showed no 
significant trend (r
2
 = 0.026, P = 0.041).  Temperature decreased at a rate of 0.11 ºC.km
-1
 
(Fig. 3.7d).  In winter, temperature values were generally similar at stations in the middle 
estuary (means ranged from 18.6 ºC to 18.7 ºC) (Fig. 3.8b).   
 
Salinity gradients were similar in summer (Fig. 3.8e) and winter (Fig. 3.8f).  A linear 
regression model fitted through summer observations indicated a significant negative 
relationship between salinity and distance (r
2
 = 0.433, P < 0.001).  Salinity decreased in an 
upstream direction at a rate of 2.7 psu.km
-1
 (Fig. 3.8g).  The slope of the linear regression 
model fitted for winter data was similar, indicating a steady decrease of 1.7 psu.km
-1
 in an 
upstream direction (Fig. 3.8h).   
Estuarine Region n Mean SD SE t df P
Temperature (ºC)
Lower 15 -5.949 2.010 0.519 5.949 14 < 0.001
Middle 20 -7.034 1.678 0.375 7.034 19 < 0.001
Upper 15 -9.269 1.158 0.299 9.269 14 < 0.001
Salinity (psu)
Lower 12 1.351 2.180 0.629 1.351 11 0.204
Middle 16 1.924 2.058 0.515 1.924 15 0.074
Upper 12 6.637 6.891 1.989 6.637 11 < 0.001
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Figure 3.8: Temperature (a-d) and salinity (e-h) in relation to distance from the mouth.  The upper group (a, b. e, f) represent the mean (± 1SD) 
calculated from raw data collected from 2002 to 2006 to illustrate general axial trends.  The lower group (c, d, g, h) illustrate the effect of 
distance on temperature and salinity where the solid line represent linear regression model fitted on raw data (dots) and the hatched line the 95 % 
confidence intervals.  Equations for each linear model are given below lower groups.  All interactions were significant.  Sign and magnitude of 
slope indicate rate and direction of variable change over distance increments away from the estuary mouth.   
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Vertical gradients 
In terms of temperature, the water column was moderately stratified in summer and mixed in 
winter (Fig. 3.9a, b).  Differences in median ∆T between seasons were significant (U = 646.5, 
P = 0.001).  In summer, surface water temperatures exceeded (mean ± 1SD = 26.5 ± 1.7 ºC) 
bottom water temperatures (24.9 ± 1.9 ºC).  Maximum difference between surface and 
bottom in summer was measured at Station 4 (2.4 ºC). 
 
In winter, the water column was well mixed between Stations 3 to 10 (Fig. 3.9b).  In contrast 
to summer trends, bottom rather than surface waters showed higher temperatures at all 
stations, except at Stations 3 and 4.  The largest difference between surface and bottom 
values (∆T = 0.5 ºC) was recorded at Station 2 (Fig. 3.9a).   
 
 
 
Figure 3.9: Mean surface and bottom temperatures (a, b) and salinity (c, d) values at Stations 
1 to 10 along the main channel of the Mgazana Estuary.  At most stations, the water column 
was stratified, while few sites (including the mouth) were well mixed.  Maximum difference 
between near-surface and bottom values indicated by red arrows where a downward direction 
indicates surface maxima and upward direction a bottom maximum.  Stratification in summer 
was generally well developed. 
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Vertical trends in salinity distribution were consistent between seasons (U = 902.5, P = 
0.239) (Fig. 3.9c, d).  During both seasons, the water column was well mixed in the lower 
region, indicating strong tidal influence.  Upstream of Station 2, bottom salinity values 
dominated surface values by an average of 4.7 in summer and 3.6 in winter.  In summer, the 
largest difference was measured at Station 10 (∆S = 19.9).  Mean salinity recorded near the 
surface at Station 10 was considerably lower in summer (mean ± 1SD = 5.6 ± 4.4) compared 
to winter (15.2 ± 13.1).  In winter the largest difference in salinity between surface and 
bottom was measured at Station 4 (∆S = 6.2).      
 
3.3.5 Variability 
Regression analyses (Taylor Power Plot method) performed between log(CV) values and 
log(X) values, showed little relation between these estimates (b = - 0.499, r
2
 = 0.123, P < 
0.001) (Fig. 3.10).  Variability, being independent of the mean, allowed statistical analyses to 
be carried out in order to discern whether seasonal variability profiles differed significantly 
(Fig. 3.10d).   
 
Values of CV represented the variability of a parameter measured at a particular station over 
time, i.e. the variability in observations made over the five-year study period.  Those plotted 
against station distance factors (from sea to landward direction) revealed prominent spatial 
trends.  The variability profile for summer and winter temperature values displayed the 
poorest longitudinal trend (∆ CV (|Station 10 – Station 1A|): summer < 1 %, winter = 1%) in 
comparison to that of salinity (summer = 63%, winter = 75%), dissolved oxygen (summer = 
6%, winter = 20%) and turbidity (summer = 93%, winter = 79%).   
 
Variability in turbidity and salinity exhibited strong but opposite trends in the Mgazana 
Estuary.  Turbidity was extremely variable in the lower estuary (range = 99-158%) up to 
Station 3 during both seasons (Fig. 3.10a, b).  Coefficient of Variation values for turbidity 
progressively decreased upstream of Station 3 reaching a minimum at Station 8 (CV = 52%) 
in summer and Station 7 (CV = 41%) in winter (Fig. 3.10a, b).  Salinity followed a gradient 
of increasing variability from the mouth (minimum CV: summer = 4%; winter = 10%, both at 
Station 1) to the upper estuary (maximum CV: summer = 70%; winter = 85%, both at Station 
10).   
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Figure 3.10: Coefficient of variation (CV) derived from mean (denoted X) temperature, 
salinity, dissolved oxygen and turbidity measured in summer (a) and winter (b) as a measure 
of variability over the study period (2002-2006).  CV values for each station are plotted as a 
function of station distances from the sea (a, b, d).  Regression analysis (Taylor Power Plot 
method) of log(CV) versus log(X) was performed (c) to test for independence of CV on mean 
values (X).  CV values bared poor relation to the mean values from which they were derived, 
which allowed statistical comparisons to be carried out between seasonal trends (d).  The null 
hypothesis of no significant difference in variability between summer and winter could not be 
rejected at the 95% confidence interval.  Seasonally, variability profiles followed similar 
progressively decreasing gradients from the mouth up to Station 8 (d).  Variability increased 
considerably upstream of Station 8.  The longitudinal trend in variability was influenced by 
turbidity and salinity in the lower and upper estuary respectively.  
 
 
Values calculated for summer dissolved oxygen did not appear to follow a particular trend.  
Dissolved oxygen values varied least at Stations 1, 2, 3 and 6 (CV range = 12-17%) and most 
in the creeks (Stations 1A, 1B, 2A, 2B: CV range = 16-32%) and the upper estuary (Station 
8-9: CV range = 25-28%).  In winter, CV values for DO progressively increased in an 
upstream direction from Station 2A (6%) to 10 (39%) (Fig. 3.10b).  Coefficient of Variation 
values for DO were moderately elevated (range = 16-21%) downstream of Station 2 (Fig. 
3.10b).  On average, variability in the environmental conditions of the Mgazana did not differ 
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significantly between summer and winter (U = 1 479, P = 0.607) (Fig. 3.10d).  The summer 
profile followed a decreasing gradient from the lower estuary (minimum CV: to Station 6 (∆ 
CV: summer = 26%, winter = 33%).  Upstream of Station 6, variability increased towards 
Station 10 (41%) (Fig. 3.10d).  In winter CV values fluctuated irregularly between the lower 
estuary stations (Stations 1A-3: range = 22-43%) (Fig. 310d).  Variability stabilized around 
25% from Station 4 to 7, upstream of which variability progressively increased to 46% at 
Station 10 (Fig. 3.10d).  The source of variation in summer and winter CV values could 
largely be attributed to disproportionally high variability in turbidity and salinity in the lower 
and upper estuary respectively (Fig. 3.10a, b).   
 
3.4 Discussion 
The Mgazana Estuary was strongly influenced by nearshore conditions and geomorphology 
of the mouth region.  The estuary maintains a permanent connection with the sea and together 
with low mean annual runoff results in much of the main channel remaining in a marine 
dominated state. 
 
Estuaries as meeting places between rivers and the sea are dynamic ecosystems.  These water 
bodies differ fundamentally in their chemical composition and hydrological characteristics 
(Schumann et al. 1999).  In addition to freshwater being less dense, factors such as freshwater 
runoff, tidal exchange, solar heating and evaporative cooling potentially lead to temperature 
differences between the lower and upper regions of estuaries (Day 1981a). 
 
An understanding of the temporal and spatial dynamics of physico-chemical parameters is of 
great ecological significance (Grindley 1981).  Temperature, salinity and turbidity are 
probably the most important parameters that influence phytoplankton biomass (Cloern 1987), 
macrobenthic (Wooldridge and Deyzel 2009b), zooplanktonic (Morgan et al. 1997, David et 
al. 2006, Islam et al. 2006), hyperbenthic (Fockedey and Mees 1999) and ichthyofaunal 
(Cyrus and Blaber 1987, Dodson et al. 1989, Whitfield and Paterson 2003) community 
dynamics in estuaries.  Biological communities also tend to change progressively along 
physical gradients (Mann 1992).  The strengths of estuarine gradients are directly related to 
the amount of freshwater flowing into the system and the rate of mixture with tidal intrusions 
from the sea (Schumann et al. 1999).   
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Gradients rarely exist as static entities in estuaries, but rather fluctuate over time due to 
atmospheric and oceanic forcing (cf. Cooper et al. 1999, Schumann et al. 1999).  Tidal 
exchange, for example, may alter longitudinal salinity profiles in a matter of hours, while 
heavy seasonal rainfall, such as the monsoons experienced on the west coast of India may 
render entire systems fresh for a period of months (e.g. Madhu et al. 2007).  Temperature 
gradients on the other hand vary mostly between seasons, the dynamics of which depends on 
the geographical location (Schumann et al. 1999). 
 
Water temperature distribution in the Mgazana Estuary reflected definitive spatial and 
seasonal trends.  Minimum and maximum values recorded in the estuary were 13 ºC in winter 
and 29 ºC in summer respectively.  These values were consistent with seasonal variations of 
nearshore waters (Beckley and Van Ballegooyen 1992).  In summer, temperature followed a 
positive longitudinal gradient.  Temperature in the upper region was on average ca. 2 ºC 
warmer when compared to water temperatures near the mouth.  Winter gradients were weakly 
structured, reflecting small differences between fresh and marine waters.  In contrast to 
summer, winter temperatures decreased in an upstream direction.  These findings were 
consistent with temperature data from several other cool- and warm-temperate permanently 
open estuaries (Wooldridge and Deyzel 2009a).  When temperatures are compared between 
the Great Berg (cool-temperate), Olifants (cool-temperate), Sundays (warm-temperate), 
Keiskamma (warm-temperate) and Mgazana (warm temperate-subtropical transition), 
Wooldridge and Deyzel (2009a) noted a consistency in gradient shifts from summer to 
winter.   
 
Figure 3.11 represents a conceptual model illustrating horizontal gradient patterns between 
summer and winter temperatures and the main forces driving the respective spatial patterns in 
permanently open tidal estuaries in the temperate region.  Wooldridge and Deyzel (2009a) 
attribute poor negative horizontal gradients found in winter (-∆Ts: T = temperature, s = 
spatial) to overland cooling of runoff to the upper region, which considerably reduces the 
thermal gradient between the lower and upper regions.  Summer temperature gradients 
present the opposite trend (+∆Ts) with water temperatures near the head exceeding (often by 
large margins) water temperatures in the lower estuary, where tidal influence is maximal.  
Seasonal variability in water temperature (∆Tt: T = temperature, t = temporal) of a specific 
estuary therefore appears to be highest in areas of maximum mixture with runoff and of 
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minimum tidal influence.  Conversely, ∆Tt will reach a minimum in the lower estuary, where 
marine influence is greatest.  The magnitude of ∆Tt in the lower estuary is likely to vary 
between geographical locations along the coast of South Africa as influenced by the thermal 
dynamics of the surrounding coastal waters.    
 
 
 
Figure 3.11: A conceptual model of horizontal temperature gradients and drivers forcing the 
respective seasonal trends in permanently open tidal temperate estuaries.  See text for details.   
Strong positive horizontal gradients prevailed in summer, while in winter horizontal gradients 
were reduced to a weak negative trend.  Variations within each spatial extreme appeared to be 
controlled by different forces.   
 
 
The magnitude of vertical stratification observed in an estuary at any point in time, reflects 
the extent of mixing between water bodies that differ in salinity and temperature (Schumann 
et al. 1999).  In summer for example, warmer freshwater flowing from the catchment would 
be less dense than the cooler seawater along the horizontal axis of the estuary.  When the 
difference in density is sufficiently large, the bodies of water are less likely to mix and 
ultimately form a pycnocline (Day 1981a).  Thermally, the main channel of Mgazana in 
summer was well stratified in the deeper areas, but uniformly mixed in winter.  In terms of 
salinity, the water column was stratified during both seasons.  The largest mean surface to 
bottom difference in salinity was calculated for summer data at Station 10 in the upper 
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estuary.  Smaller differences in winter in the upper estuary reflect reduced flow during the 
low rainfall season.   
 
Salinity values in excess of 30 were consistently recorded up to ca 4.5 km upstream of the 
mouth.  Beyond this point (around Station 7), salinity values gradually decreased and ranged 
between 10 and 20 in summer and 20 and 30 in winter.  A critical analysis of salinity data 
revealed occasional departures from seasonal and spatial means (Section 3.4.1).  
Observations of low salinity (< 10) were seldom made.  Episodic floods, according to a 
recent survey (Van Niekerk and Huizinga 2007), probably occur fairly regularly in the 
Mgazana Estuary (cf. Chapter 5).  This suggests that after floods, river runoff rapidly returned 
to base-flow and this was associated with rapidly increasing salinity values along the estuary 
as a consequence of strong tidal exchange.  In 2003, a flow gauge was installed in the 
adjacent Mngazi Estuary by the Department of Water Affairs and Forestry (DWAF).  Using 
this information, Van Niekerk and Huizinga (2007) extrapolated flow rates for the Mgazana 
Estuary.  Flow rates of less than 3.7 m
3
.s
-1
 occurred 90% of the time, but rapidly increased 
during heavy rainfall.  River runoff dominated tidal intrusions once a flow threshold of 20 
m
3
.s
-1
 was exceeded (Flood state).  
 
Turbidity, as a measure of flocculated and other particulates in the water column, normally 
reaches a maximum in the freshwater dominated regions or in waters near the mouth 
depending on ocean conditions (e.g. Uncles and Stephens 1997).  Data from the present study 
showed significantly higher values averaged for winter compared to summer (Fig. 3.1c).  
Seasonal variation in turbidity of subtropical permanently open estuaries is usually positively 
linked to rainfall induced freshwater flows (cf. Harrison 2004).  Higher turbidity values are 
therefore observed during the summer months when maximum rainfall occurs (Day 1981b).  
(The Mgazana region receives maximum falls during the spring-summer seasons from 
October to March (cf. Chapter 2) leading to the assumption that maximum turbidities ought 
to be recorded during these months also.  The contradictory results recorded in the present 
study could be ascribed to the weighting of the August 2006 data relative to the mean 
calculated for winter.  This month received abnormally high rainfall, with over 130 mm 
falling between 1 and 18 August 2006 (see Section 3.3.1, Salinity).  At the time of sampling 
(in August 2006), the estuary was in flood (pers. observation), which may have caused 
turbidity values to rise in magnitude.  Turbidity was otherwise on average lowest near the 
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mouth where clear water from the ocean penetrates on the rising tide.  Upstream of Station 2, 
water turbidity increased sharply but consistently towards the upper region.  Turbidity was 
most variable in the lower and upper estuary; more so than any other environmental variable 
surveyed in the present study (Fig. 3.9).  Branch and Grindley (1979) during a study on the 
ecology of the Mgazana Estuary attributed the high clarity of the water to little anthropogenic 
intervention within its catchment.  The role of sediment accretion by mangroves was also 
accredited.  Although not quantified, subsistence agriculture has visibly increased on the 
flood plains adjacent to the estuary in recent years (pers. observation).  Harvesting of 
mangroves is also increasing at an alarming rate (Rajkaran et al. 2004).  An increase in such 
activities may lead to increasing silt loads and consequently increase water turbidity (Morant 
and Quinn 1999).  An increase in water turbidity poses several ecological problems of which 
decreased light attenuation is probably the most severe (Day 1981b).   
 
Increased silt loads also suggest an increase in fluvial material reaching the estuary, which 
ultimately (depending on water circulation) settles in the benthic environment.  This may 
cause a marked decrease in oxygen availability in subtidal sediments and bottom waters 
(Allanson and Winter 1999).  Dissolved oxygen (DO) concentrations monitored in the 
present study ranged between 3 mg.L
-1
 and 10 mg.L
-1
.  As expected, lower concentrations 
were recorded in near-bottom waters, particularly in the middle and upper region of the main 
channel and adjacent creeks.  Sediment characteristics in these areas are mostly finer and 
contain more organic material (see Chapter 7).  Bottom water concentrations are also 
influenced by how well the system is flushed in the short and long-term.  Saline water 
introduced to deeper sections of the estuary may be retained forming stagnant pockets of 
dense water.  Over extended periods, areas such as these may become depleted in DO as 
organic material is broken down by microbial respiration.  This may be detrimental to bottom 
dwelling organisms such as benthic and hyperbenthic communities, since DO is considered 
being an essential requirement for most heterotrophs in the marine environment (DWAF, 
1995).  Considering the low runoff from Mgazana river (<3.7 m
3
s
-1
, 90% of the time, Van 
Niekerk and Huizinga 2007), stagnation in deeper channels probably persists for relatively 
long periods.  Episodic flooding events may be crucial to flush anoxic dense water from 
deeper sections of the estuary (cf. Schumann 2009).  Data from the present study supports 
this notion as concentrations associated with flooded states were considerably higher (August 
2006; range = 4 to 18 mg.L
-1
). 
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The present study provides a synthesis that was possibly limited in terms of temporal 
resolution.  It was therefore difficult to classify certain aspects of the physico-chemical 
characteristics of the Mgazana Estuary that are normally reserved for intensive hydrological 
investigations.  Physico-chemical characteristics of an estuary depend on numerous factors 
that range from oceanographic processes in the nearshore to atmospheric processes and 
anthropogenic activities in the catchment.  Schumann et al. (1999) in particular stresses the 
importance of considering all such factors in order to understand the dynamics of a particular 
system in space and time.  Thus, having had the chance to analyse a data series stretching 
more than 3 yrs provided a unique opportunity given the remoteness of the study area and the 
paucity of information on estuaries that persist along the former Transkei coastline.  This 
study not only provided an opportunity to describe recurring spatial trends but also 
underlined the importance of episodic events such as heavy rainfall and flooding in terms of 
estuary structure and function.   
 
From an ecological point of view, stochastic events in the physical environment have 
disproportionate biological consequences (Grossman et al. 1982, 1985; Gutschick and 
BassiriRad 2003), and can therefore often be regarded as important at a system level. Within 
this context, it is proposed that episodic events such as floods or abrupt deviations in 
temperatures are important as drivers of estuarine community assemblages over space and 
time.  It is also suggested that these events are particularly relevant for estuaries on the 
eastern coast of South Africa where as described by Day (1981b), catchments are mostly 
small and steep with intermittent runoff, thereby facilitating such episodes. This theme is 
carried forward onto subsequent chapters, particularly those concerned with biological-
physical interactions (Chapter 5, 6 and 7).  
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Chapter 4 
Boundary dynamics of mesozooplankton assemblages in the marine 
dominated Mgazana River Estuary: evidence for gradient-independent 
ecoclinal variation? 
 
4.1 Introduction 
The importance of, and necessity for, studying ecological boundaries are widely recognised 
among the terrestrial and freshwater disciplines (e.g. Wiens et al. 1985, Laliberte et al. 2007).  
The applications are far reaching in that the knowledge gained contributes directly to a 
holistic understanding of the functioning of ecological systems, which in turn translates to 
socio-economic benefits such as decision making and policy formation (see comments by 
Yarrow and Martin 2007).  By comparison, these theoretical concepts have until recently, not 
readily been applied to estuarine biological communities (e.g. Giberto et al. 2007) and rarely 
applied to management considerations (Schlacher and Wooldridge 1996, Elliot and McLusky 
2002, Elliott 2011).  These shortcomings expose a considerable void in our estuarine 
ecological knowledge base.  As McLusky (2003) states, knowledge of processes such as 
fluxes cannot be obtained without first gaining a thorough understanding of the underlining 
patterns characterising estuaries, which includes investigations into the dynamics of the 
physical, chemical and biological gradients and their interactions.   
 
Despite the paucity in published works, much debate over the properties of physical and 
biological boundary dynamics nonetheless exist within the estuarine ecological realm (see 
review by Attrill and Rundle 2002).  One side of the argument view estuaries as ecotones 
between marine and freshwater ecosystems (Telesh and Khlebovich 2010).  An ecotone 
represents the region of transition between two relatively homogeneous environments, 
wherein considerable variation in, for example biological diversity, will be measurable 
(Attrill and Rundle 2002).  From a physical point of view, the current accepted generalisation 
is that ecotones are narrow spatial stochastic stress zones that are dynamic and unstable in 
time (van der Maarel 1990, Attrill and Rundle 2002).  In ecological terms, a similar trend 
may be expected with regards to the characteristics of the cross-boundary dynamics of 
biological communities.  Biological communities from ecotonal areas are distinguishable 
from their otherwise different but stable neighbouring communities in that they portray 
unique characteristics. 
Chapter 4 
52 
 
In opposition, Whitfield and Elliott (2011) among others, view estuaries as ecoclines.  More 
specifically, they consider estuaries as either bi-directional ecoclines (Attrill and Rundle 
2002), or multiple ecotones within ecoclines (Elliott and Whitfield 2011).  Ecoclines are 
gradient zones wherein a gradual change in at least one physical variable is measurable 
between two otherwise stable environments.  Gradual in this context implies a steady change 
over varying spatial scales depending on the environment.  Along this environmental 
gradient, several heterogeneous biological assemblages may be present, each occupying a 
specific area.  The absolute spatial states of these assemblages along with the specific 
locations of their transition boundaries are said to be a function of at least one environmental 
variable gradient, known as the primary driver.  A secondary driver forces a spatial shift in 
the transition boundaries and along with it, species specific distribution ranges.  During this 
location shift, the characteristics of each assemblage are thought to be maintained, with only 
their spatial locations change over time (van der Maarel 1990).   
 
Modéran et al. (2010) provides a convincing argument for using zooplankton as an 
appropriate model community to address hypotheses pertaining to ecological boundaries in 
estuarine ecology.  The attributes cited include limited mobility and comparatively quick 
responses to inter alia, changing environmental conditions as a function of short life-cycles.  
The effects of single environmental variables on the spatial orientation of estuarine 
zooplankton are emphasised by several studies, most of which acknowledge the influence of 
salinity (Bulger 1993, Jerling and Wooldridge 1994b, Telesh et al. 2010).  Salinity gradients 
may therefore be viewed as the primary driver forcing gradual transitions between several 
different biological assemblages along the marine-freshwater continuum, which according to 
boundary theory is reflective of ecoclinal variation (e.g. Quinlan and Phlips 2007, Muylaert et 
al. 2009, Modéran et al. 2010).    
 
In the Mgazana Estuary, summer salinity values on average (2002-2006) ranged from 18 to 
35 and gradients of salinity over horizontal scales were weak (Section 3.3.4, Chapter 3).  
Some seasonal variation in gradient slopes was evident, but for the most part the majority of 
the longitudinal extent (75% in summer) occurred in an euhaline (Venice System salinity 
range: 30-40, Anonymous 1959) state.  If these data are interpreted to represent a state of 
weak gradation the following key question may be reasonably asked: given the degree of 
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gradation in salinity over horizontal scales, would the zooplankton of the Mgazana Estuary be 
reflective of ecotonal or ecoclinal variation?  
 
Using a five-year dataset subjected to a combination of multivariate and univariate statistical 
analyses, the specific objectives of the present study were to: 
1. characterise zooplankton assemblages of the Mgazana Estuary at the two extreme ends of 
climatic variation, i.e. austral summer (higher temperatures, frequent rainfall episodes) 
and winter (lower temperatures and fewer rainfall episodes) 
2. identify boundaries (here defined as the areas of transition between assemblages) for 
each seasonal scenario using species turnover (beta diversity: βSIM and βW) as a metric 
3. investigate relationships between environmental variables and biological trends (multi- 
and univariate) in order to identify drivers 
 
The approach followed addresses hypotheses based on the generalised view that salinity acts 
as primary regressor forcing heterogeneity in species distributions, which in the null state, is 
said to force the formulation of multiple assemblages along the saline-freshwater continuum 
(Attrill and Rundle 2002).  It was therefore hypothesised that: 
1. spatial variation in species richness, diversity, evenness, dominance and abundance is 
minimal, thus portraying poor trends along the horizontal axis of the Mgazana Estuary 
2. at the most, the existence of two major zooplankton assemblages, separated by a single 
ecological boundary, were expected to occupy waters either side of the area of maximum 
mixture between marine and freshwater in the upper reaches of the estuary 
3. these patterns of spatial ordination were reflective of ecotonal rather than ecoclinal 
variation 
 
The present study not only aimed to redress the paucity of information existing for the study 
region (north-eastern sector of Eastern Cape Province, see Introduction), but specifically 
aimed to make a substantial contribution towards our current knowledge of the spatial 
dynamics of estuarine zooplankton within the theoretical framework of ecological boundaries   
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4.2 Materials and Methods 
4.2.1 Data collection 
Zooplankton samples were collected on 10 occasions from January 2002 to August 2006.  
The periodicity of sampling was designed so that each calendar year yielded one austral 
summer (January-February) and one austral winter (July-August) dataset.  Sampling dates 
were elected to overlap with nocturnal neap tides associated with the half-moon lunar phase, 
in order to limit the potential effects of different tides on the variability in physicochemical 
and biological data.  Zooplankton and physicochemical variables were respectively collected 
and measured from 10 fixed stations in the Mgazana Estuary, positioned at approximate 
equidistant positions between the mouth (Station 1) and the upper reaches (Station 10) (Fig. 
4.1).   
 
 
 
Figure 4.1: Map of the Mgazana Estuary showing the locations of ten sampling stations (1 to 
10) where zooplankton was collected during austral summer and winter months from 2002 to 
2006.   
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Due to the shallow nature of the estuary, samples could only be collected during a short 
window of two hours before and two hours after the peak of high tide.  The short period 
available for sampling did not allow for physicochemical variables to be measured in 
conjunction with the zooplankton tows.  Physicochemical variables were therefore measured 
during the day-time high tide window, while zooplankton samples were collected the 
following high tide approximately one to two hours after sunset (depending on season).  
Night sampling was selected over day sampling to optimise catches of zooplankton in 
relation to their diel vertical migration cycles (Lampert 1989 for concepts, Kouassi et al. 
2001, Silva et al. 2003 as examples).  For a detailed description of the methods and materials 
used to record physicochemical variables, refer to Section 3.2.1, Chapter 3. 
 
The sampling procedure was kept standard over the investigation period (2002-2006), 
following techniques used in numerous South African studies (Wooldridge and Erasmus 
1980, Wooldridge and Bailey 1982, Wooldridge 1986a, Jerling and Wooldridge 1992, Jerling 
and Wooldridge 1994a, 1994b, 1995a, 1995b, Wooldridge and Loubser 1996, Wooldridge 
1999, Wooldridge and Callahan 2000).  Duplicate zooplankton samples were collected per 
station, using two slightly modified WP2 plankton nets (57 cm diameter, 200 µm mesh net), 
attached to a laterally positioned boom that was fixed over the bow of a small, outboard 
driven river boat.  The mesh size of 200 μm, opted for in the present study, was in accordance 
with several northern and southern hemisphere studies on zooplankton from tropical and 
subtropical estuaries (e.g. Madhu et al. 2007, Magalhães et al. 2009, Hwang et al. 2010) and 
was primary utilised to optimise catches of numerically important species expected to occur 
in the Mgazana Estuary (Wooldridge 1977 used for species references).   
 
The WP2 nets were fitted with calibrated Kahlsico flowmeters (series model 005WA 130) in 
order for filtration volumes to be determined using the following equation: 
 
c
F
V          (4.1) 
 
where V is the volume sampled in cubic metres of water (m
3
), F the number of revolutions 
read off the flowmeter upon completion of the tow (number of revolutions) and c, the 
calibration constant (revolutions per cubic metre of water, rev.m
-3
) unique to the particular 
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flowmeter used as calculated in relation to the WP2 net mouth dimension (rim diameter = 57 
cm) prior to sampling.   
 
The mean (± 1 standard deviation, 1SD) volume of water filtered per tow was 12.5 ± 3.8 m
3
 
(n = 280).  Sampling commenced approximately two hours after sunset, starting at Station 1 
and working in an upstream direction towards Station 10.  This sampling sequence was 
maintained throughout the study period.  Nets were towed for 1 to 2 minutes at a constant 
speed of 2 knots.  Towing depth at stations where the mid-channel exceeded 1 m in depth 
(Stations 1-7, 9) was regulated around mid-water level using a metal pole attached to the net-
rim.  By contrast, only tows approximately 20 cm below surface could be made at stations 
where the mid-channel depth was equal to 1 m or shallower (Stations 8 and 10).  Subsurface 
tows prevented potential contamination of the sample by bottom sediments, epibenthic debris 
and accidental catches of species typically associated with the near bottom habitat.  Upon 
completion of the tow, samples were rinsed into 250 ml plastic storage containers and fixed 
with a buffered solution of 10% formaldehyde for further examination in the laboratory.   
 
4.2.2 Laboratory procedures 
Zooplankton taxa were identified and counted using a slightly modified version of a sub-
sampling method employed during several South African studies on estuarine zooplankton 
(Wooldridge 1986a, Jerling and Wooldridge 1992, 1994a, 1994b, 1995a, 1995b, Wooldridge 
and Loubser 1996, Wooldridge 1999, Wooldridge and Callahan 2000).   
 
Excess formaldehyde was drained and the sample contents thoroughly washed with 
freshwater before being transferred to a graded beaker (total volume = 5 000 ml).  The beaker 
was filled with freshwater to ten times the settled volume of the sample content.  Even though 
settled volumes are more typically utilised for biomass estimation (e.g. Wooldridge 1977), 
utilising this method in the present study, meant that a standard determinate of the final 
volume could be calculated for each subsampling effort.  This way, the dilution factor was 
always kept proportional to the total volume of the catch, standardising the chances of any 
one species (or individual) to be caught in the subsample, between samples.       
 
The content of the made-up volume was gently but thoroughly stirred in an irregular fashion 
to render the solution in a homogenised state.  By doing so, an equal chance was created for 
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each individual to be sub-sampled from the solution.  A minimum of three sub-samples were 
drawn from the container.  In certain cases, more sub-samples were drawn until a minimum 
of 500 individuals were counted and identified.  It is worth noting that counting never 
stopped once the 500 individuals mark was reached, this value simply marked the lowest 
number of counts determining the cue for more sub-samples to be drawn once the 
prerequisite three has already been processed.  
 
The sub-sample volume depended on the size of the specimens targeted for quantification.  
Smaller taxa, such as Copepoda, Brachyura and other Decapoda larvae were sub-sampled 
using an 11 ml vial, while a 49 ml vial sub-sampled larger specimens such as Mysida, 
Isopoda and Amphipoda species.  In either case, only those taxa targeted were counted.  The 
targeted taxa within each sub-sample were identified to the lowest identifiable taxon possible 
(preferably species level) and counted.  Samples containing small numbers of individuals 
were not sub-sampled but enumerated in full.  All counts were converted to a quantified 
measure of density as the number of individuals per cubic meter of water (ind.m
-3
) using the 
following equations: 
 



n
s
s
t
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V
V
F
1
 (4.2) 
 
where Fs is the fraction sub-sampled from the prepared solution (unit-less), Vt the total 
volume (ml) to which the container was filled with freshwater, divided by the sum of all sub-
sample volumes (Vs, n ≥ 3) in ml.   
 
And: 
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where Ni is the quantified measure of the number of individuals of species i per cubic metre 
of water (ind.m
-3
), Fs the fraction sub-sampled (Eq. 4.2), ∑  ( ) 
 
     the number of 
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individuals of species i per sub-sample (s), summed across all sub-samples (n ≥ 3), and V the 
volume of water sampled in m
3
 (Eq. 4.1). 
 
Identification and enumeration were conducted under low magnification (maximum: 40×) 
using a Zeiss stereo light microscope and a Z-shaped counting tray.  Most identifications 
required dissection of specimens and further investigation of mounted parts under higher 
magnification (up to 400×).  For this purpose a Leica compound light microscope was used.  
In some instances, staining with Rose Bengal was required prior to dissection to enhance 
visualization of diagnostic features, particularly in the case of Copepoda (mandibles, 
maxillules, maxillae, maxillipeds, periopods, genital somite and caudal rami), Amphipoda 
(mandible, maxillae, maxillipeds, gnathopods and uropods) and the smaller Isopoda 
(pleopods and uropods).  For further comments on the process of species identification and 
taxonomic issues directly related to the present study, refer to Section A1.1, Appendix 1.   
 
4.2.3 Data analysis 
Three analytical strategies were followed to address the principal hypothesis of this study 
which states that weak salinity gradients over the horizontal axis of the Mgazana Estuary 
results in 1) poorly defined spatial trending in species diversity and abundance; 2) poorly 
defined zonation of zooplankton assemblages, which in turn produce 3) few well defined 
assemblage boundaries (areas of marked species turnover).  To ensure the use of standardised 
terminology, the term “assemblage” was preferred to “community” as definition for any 
number of species populations co-occurring within a region of space.  According to Gray 
(2000) no assumptions of associations between co-occurring species populations are made 
when they are described as assemblages.   
 
Spatial variation in species richness, abundance, diversity and evenness 
Species richness, abundance, diversity and evenness were compared between the ten main 
channel stations sampled in summer and winter (2002-2006).  Gray’s (2000) unified 
terminology given for scales of diversity were followed for definitions of species richness.  
Within this context, sample species richness (SRs) was calculated as the pooled number of 
species observed in the duplicate nets hauled at a particular station and time.  Sample species 
richness is thus equivalent to Whittaker’s (1960, 1972) alpha diversity.  Total density (N) was 
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calculated as the sum of all species counts per haul (quantified to ind.m
-3
), averaged to 
produce a single density value per station and sampling occasion.   
 
A myriad of diversity and evenness indices are currently utilised in ecological studies with 
little consensus on their respective usefulness (e.g. Hurlbert 1971, De Jong 1975, Giavelli et 
al. 1986, Gadagkar 1989, Jost 2007).  As most reviews are mathematically intensive and offer 
little guidance to ecologists (Smith and Wilson 1996),  indices commonly used in estuarine 
zooplankton studies were selected for the present study (e.g. Silva et al. 2003, 
Mukhopadhyay et al. 2007, Uttah et al. 2008, Wooldridge 2010).  
 
Shannon-Wiener diversity index (H’), although criticised by some (Hurlbert 1971, De Jong 
1975, Washington 1984, Giavelli et al. 1986) is a widely used measure of diversity (e.g. Silva 
et al. 2003, Sukumaran and Devi 2009).  The index was derived from information theory and 
essentially expresses the uncertainty of encountering a particular species among a known 
amount of individuals (Washington 1984).  As uncertainty increases, so does diversity (De 
Jong 1975).  Shannon-Wiener’s H’ was calculated as (taken from Washington 1984): 
 

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where K is a constant (normally amounting to 1), i is the sample number, pi the proportion of 
the total count of the i
th
 sample (p1, p2,…, pn) and lnpi the natural logarithm (loge) of pi.  
Some investigators use logarithms to the base of 2, which according to Clarke and Warwick 
(2001) offers little biological interpretation and reflects the index’s origin from information 
theory.  Incorporating the natural logarithm (ln) was considered appropriate as its inclusion in 
the formulation of H’ is more widely applied compared to log2 (Clarke and Gorley 2006).   
 
Pielou’s evenness index (J’) as a corollary to H’, expresses the degree to which individuals 
are distributed among the species in a sample (Smith and Wilson 1996).  Evenness is at 
maximum when all species are represented by an equal amount of individuals and approaches 
a minimum when individuals are unevenly distributed among species (Smith and Wilson 
1996).  Pielou’s J’ was calculated as (taken from Smith and Wilson 1996): 
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where H’ is Shannon-Wiener diversity index (Eq. 4.4) and ln(S) is the natural logarithm 
(loge) of S; S being the number of species in the sample and synonymous with SRs.  The 
division of H’ by ln(S) apparently “compensates for the effect of species richness on H’ ” 
(Smith and Wilson 1996, p71), although some have shown this not to be fact (e.g. De 
Benedictis 1973).   
 
Only those taxa identified to species level were included in the analyses (see Section A1.1, 
Appendix 1 for further description).  The proportion of taxonomic entries on species level 
amounted to 80% and 83% for the summer and winter datasets respectively.  In order to 
illuminate variability introduced by seasonal variation, summer and winter datasets were 
treated separately when the hypothesis of poor trending in diversity and abundance along the 
horizontal axis of the Mgazana Estuary was addressed.  Sampling effort for each season was 
replicated five times between 2002 and 2006, so that mean values subjected to graphical 
modelling and inferential testing were derived from a sample size of five.    
 
The null hypothesis of no significant difference in SRs, N, H’ and J’ between stations was 
tested with one way analysis of variance (ANOVA) tests.  Raw values of summer SRs and N, 
as well as winter N and H’ were long10 transformed to render values compliant with 
parametric assumptions (normality: Levene’s median test; equality of variances: 
Kolmogorov-Smirnov with Lilliefors correction, Zar 1999).  The severity of transformation 
was determined following the recommendations made by Box and Cox (1982).  All null 
hypotheses were rejected at the 95% confidence interval.  Statistical analyses were performed 
in PRIMER v6 (Clarke and Gorley 2006), EXCEL and SIGMAPLOT 12.    
 
Ordination and classification of biological assemblages 
Multivariate techniques were followed to investigate the possibility of assemblage formation 
and longitudinal zonation patterns in the summer and winter zooplankton of the Mgazana 
Estuary.  Only station averages (2002-2006, n = 5) calculated for each species were 
considered for analyses.  The starting data matrix thus comprised 10 stations by 92 and 108 
species (species-level counts only) for summer and winter respectively.  The aim was to 
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discern relations between the 10 stations in terms of their respective similarities in 
community composition.  The similarity of stations were assessed using cluster dendograms 
(Field et al. 1982, Clarke 1993) and non-metric multidimensional scaling ordination plots 
(MDS) (Field et al. 1982, Clarke 1993) generated from resemblance matrices based on the 
Bray-Curtis similarity index (Bray and Curtis 1957).  Similarity matrices were modelled on 
fourth-root transformed abundance data.  Fourth-root transformation reduced the effect of 
super abundant taxa while attaining the relative importance of less abundant and scarce taxa 
(Clarke and Green 1988).   
 
Similarity profile (SIMPROF) permutation tests were performed in conjunction with cluster 
dendograms to identify significant cluster groups.  Cluster groups identified by the SIMPROF 
procedure were qualified as a collection of stations that could not significantly be 
differentiated in terms of community composition (Clarke and Gorley 2006).  The actual 
quantity of the calculated test statistic π (pi) was compared with the null distribution of 999 
simulated π-values, from which the significance level was calculated.  A P-value of less than 
0.05 indicated significant multivariate structure (Clarke and Gorley 2006).  The Similarity 
Percentages (SIMPER) routine explored which species contributed to within cluster group 
similarity and between cluster group dissimilarity (cut-off 90% cumulative 
similarity/dissimilarity).  Indicator (within group) and discriminator (between group) species 
were identified by comparing the variability in the similarity percentages (Sim/SD) within 
group and dissimilarity percentages (Diss/Sim) between groups of each species.  Linearity of 
change in species composition was investigated using the RELATE protocol.  Spearman rank 
coefficients (rho statistic, denoted ρs) were generated from 999 permutations expressing the 
level of agreement between the underlying elements of the biological resemblance matrix 
(Bray-Curtis similarity index) and a model matrix (Euclidean distance) constructed on a 
distance factor.  The distance factor represented the distances (in km) of each station relative 
to the mouth.  The null hypothesis of no relation between the biological and model 
resemblance (ρs ~ 0), and hence no linearity shown by species composition variations, was 
rejected when ρs approached the magnitude of one and P < 0.050 (Clarke and Gorley 2006). 
 
The characteristics of summer (SA) and winter (WA) assemblage groups were further 
examined by comparing the total density (N) and assemblage species richness (SRA, after 
Gray 2000) between assemblage groups.  The null hypothesis of no significant difference 
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between assemblage groups was tested with one-way ANOVA tests performed on log10 
transformed data (Kolmogorov-Smirnov: P < 0.050; Levene’s: P < 0.050, all raw data).  In 
addition, a series of k-dominance curves (Lambshead et al. 1983) were produced from 
untransformed species abundance data, using the DOMDIS procedure (Clarke and Gorley 
2006) to visually and statistically compare dominance profiles of stations representing the 
various assemblage groups (analytical method proposed by Clarke 1990).  DOMDIS 
permutations were performed on log-weighted species ranks to match the x-axes (species 
ranks) of the k-dominance curves, which were plotted on log-scale (Clarke and Gorley 2006).  
Following the procedure proposed by Clarke (1990), the null hypothesis of no significant 
difference between dominance profiles was then tested using the ANOSIM routine (for 
ANOSIM see Clarke and Green 1988).  Null hypotheses were rejected at the 95% confidence 
interval.  Multivariate analyses were conducted in PRIMER v6 (Clarke and Gorley 2006).   
 
Agreement between environmental and abundance multivariate patterns were assessed using 
the BIOENV procedure (Clarke and Ainsworth 1993).  The objective was to investigate how 
well the environmental multivariate pattern fitted to the abundance multivariate pattern by 
computing rank correlation coefficients (Spearman type: ρs) between all the elements in the 
underlying matrices being compared.  The analysis was not based on original (or raw) data 
but station data derived by averaging species density values for the five-year sampling period.  
Four measures of temperature, salinity, dissolved oxygen and turbidity were included in the 
correlation analyses.  They were: (1) integrated mean values for the water column (mean of 
all vertical measurements per sampling effort), (2) surface values (direct observations), (3) 
bottom values (direct observations) and (4) surface-to-bottom differential values (indicator of 
stratification).  The latter was calculated as the absolute of the difference between surface and 
bottom measurements, averaged between years, to give an indication of the average level of 
stratification at a particular station.  The smaller the values of stratification the better mixed 
the water column was on average, while the opposite was true for larger values.  Correlations 
were performed on the absolute of the differentials to eliminate positive and negative signs so 
that calculations could be performed irrespective of the direction of stratification on the 
vertical axis of the water column.  Complete data series were not available for dissolved 
oxygen (January 2002) and turbidity (summer: 2002-2004; winter: 2002-2003).  The extent to 
which the available data within these data series were representative of the sampling period 
were therefore drastically reduced and not equal to temperature and salinity for example 
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(Table 4.1).  As such, correlation results obtained using these incomplete data series were 
carefully interpreted, each according to a confidence scale.  For instance, correlations 
involving turbidity measured in summer and winter were respectively interpreted with low 
and medium levels of confidence.   
 
Table 4.1: Environmental data considered for uni- and multivariate correlation analyses.  
Data reflect the number of raw observations taken in the main channel.  Confidence grades 
are shown as it relates to the interpretation of results obtained from correlation analyses with 
biological data: * = low, ** = medium, *** = high confidence. 
 
 
 
 
Prior to subjecting environmental variables to BIOENV analyses, data were assessed for 
linearity (normality and equality using Draftsman plots) and inter-correlation between all 
variable pairs (Spearman correlation coefficients, ρs) (Clarke and Gorley 2006).  Summer 
salinity values representative of surface, bottom and integrated means were left-skewed and 
reverse transformed with log(a - x), where a was larger than the maximum salinity value 
(34.73 psu) within the series and equal to 35.  Salinity stratification values were right-skewed 
and transformed with log(x + 0.5).  Temperature stratification, bottom and integrated 
dissolved oxygen values measured in winter were right skewed and also transformed with 
log(x + 0.5).  Stratification in dissolved oxygen values were left-skewed for which a reverse 
Temperature Salinity Dissolved Oxygen Turbidity
Summer
January 2002 27 27 no data no data
January 2003 34 34 34 no data
January 2004 31 31 31 no data
January 2005 41 41 41 41
January 2006 42 42 42 42
Confidence *** *** *** *
Winter
June 2002 26 26 26 no data
June 2003 30 30 30 no data
June 2004 38 38 38 38
August 2005 32 32 32 32
August 2006 37 37 37 37
Confidence *** *** *** **
Sampling date Environmental variables
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transformation was applied using log(a – x), a being equal to stratification of 2 mg.L-1.  
Among the summer variables, surface temperature, integrated temperature, surface salinity, 
bottom salinity and integrated salinity values were highly inter-correlated (|ρs| > 0.95).  
Among the winter variables, integrated salinity, surface salinity, bottom salinity, surface 
dissolved oxygen and integrated dissolved oxygen were highly inter-correlated (|ρs| > 0.95).  
In both cases, integrated salinity was retained as proxy variable for analyses, as it represents 
the basis of the working hypothesis addressed in the present study.  Matching between 
environmental and biotic multivariate patterns were considered optimal if ρs approached 1 
(range: -1 to 1).  Statistical significance of the BIOENV results were tested with the 
computation of the Global BEST match permutation test, which provides the best match ρs 
and P-value generated from 999 permutations (Clarke and Gorley 2006).  Null hypotheses 
rejected at the 95% confidence interval, sounded caution for the interpretation of the 
associated BIOENV results.  Multivariate analyses were performed in PRIMER v6. 
 
Identifying assemblage boundaries using beta diversity as indicator 
Following definitions given by Whittaker (1960, 1965, 1972) and Gray (2000), beta diversity 
(β diversity) was interpreted to present a means of measuring the magnitude of species 
turnover (after Clarke and Lidgard 2000) in space.  Several expressions of beta diversity 
(Koleff et al. 2003 lists 24) have been devised since Whittaker’s (1960) introduction of the 
concept, including extensive comparisons of their respective usefulness (Wilson and Shmida 
1984, Lennon et al. 2001, Koleff et al. 2003 and references therein).  The present study 
follows recommendations made by Koleff et al. (2003), who motivates the use of two metrics 
in particular, viz. βW (Whittaker 1960) and βSIM (Lennon et al. 2001).  Work by Giberto et al. 
(2007) and Berasategui et al. (2006) are examples where the derivation and application of βW 
and βSIM have been successfully implemented to identify locations of marked species 
turnover between macrobenthic and copepod assemblages respectively.   
 
The analytical framework implemented here follows the logic given by Koleff et al. (2003), 
where the determination of species turnover between two sites (locations or stations) depends 
on three constituents.  Constituent a represents the matching component between the ‘focal’ 
(e.g. Site 1, Fig. 4.2a) and ‘neighbouring’ (e.g. Site 2, Fig. 4.2a) sites (= species shared), b the  
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Figure 4.2: Schematic showing the analytic framework employed to identify assemblage 
boundaries using two beta diversity metrics, viz. βSIM and βW (a).  Beta diversity as an 
expression of species turnover is hypothesised to mark the location of substantial change in 
assemblage composition (b).   
 
 
number of species only occurring in the ‘neighbouring’ site (= species gained) and c, the 
number of species only occurring in the focal site (species lost).  Whittaker’s βW (1960) is 
more weighted towards the a constituent and is therefore a suitable measure of continuity 
(Koleff et al. 2003).  Koleff et al. (2003, p374) classified βW as a “broad-sense” measure, as 
it is particularly sensitive to compositional changes “attributable to diversity gradients”.  
Whittaker’s βW was calculated as (re-expressed equation taken from Koleff et al. 2003): 
 
1
2/)2(




cba
cba
W  (4.6) 
 
where a is the number of species shared, b the number species in Station j (neighbouring site, 
Fig. 4.2a) and c the number of species in Station i (focal site, Fig. 4.2a).   
 
βSIM as it is given by Lennon et al. (2001), is more weighted towards a and b (but also 
influenced by c) and according to Koleff et al. (2003, p375) a “narrow-sense” measure in that 
1 32
c a b
Environmental gradient
a: species shared by Site 1 and Site 2
b: species only found in neighbouring site –
species gained from Site 1 to Site 2
c: species only found in focal site – species 
lost from Site 1 to Site 2
βSIM/WβSIM/W
Site 1 Site 2
1 32 4 65
β minimal β minimal
β maximal
boundary
assemblage assemblage
(a) (b)
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it provides a good indication of gains and losses of species between the focal and 
neighbouring sites.  βSIM was calculated as (re-expressed equation taken from Koleff et al. 
2003): 
 
 
  acb
cb
SIM


,min
,min
  (4.7) 
 
where the minimum value of either b (number of species in neighbouring site, Station j) or c 
(number of species in focal site, Station i) is divided by the summation of a (number of 
species shared by Stations i and j) and the minimum value of either b or c.  For both 
calculations, Stations i and j were always adjacent pairs so that the metric was calculated for 
Stations 1 and 2, 2 and 3, and so on.   
 
Prior to the calculation of βW and βSIM, species density values were averaged across years 
(2002-2006, n = 5) to produce a single species-by-station matrix.  This was done to match the 
resultant beta diversity values with multivariate patterns produced earlier (particularly MDS 
ordination plots).  Species-abundance data were reduced to presence-absence data, from 
which βW and βSIM was calculated.  Following recommendations made by Koleff et al. 
(2003), βW and βSIM were plotted simultaneously as a function of the relative distance from 
the ocean (inlet of the estuary, measured in km) of the midpoint between station-pairs.  In 
either case, high values of beta indicated appreciable magnitude in species turnover and was 
considered being indicative of boundary formation between two otherwise homogenous 
assemblages, up- and downstream of that location (Fig. 4.2b).  ‘Assemblages’ referred to 
here, are those earlier identified through multivariate analyses conducted on the summer and 
winter zooplankton of the Mgazana Estuary.  For each season, βSIM and βW values were 
calculated for 1) the total collection of species (assemblage level resolution), 2) Copepoda 
species (taxonomic-level resolution), 3) bentho-pelagic Peracarida species and 4) Decapoda 
species present in the plankton as larval stages.  The latter group included Brachyura zoea 
and megalopa, Gebiidae and Anomura larvae.  Calculations and statistical analyses were 
performed in EXCEL and SIGMAPLOT 12.   
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4.3 Results 
4.3.1 Taxonomic composition  
For a detailed description of the species composition of the zooplankton sampled in the 
Mgazana Estuary during the summer and winter months from 2002 to 2006, refer to 
Appendix 1, Section A1.2.  This section provides an overview only.  The complete summer 
and winter zooplankton species lists, including mean density values recorded at each 
sampling station (including creeks), are given in Appendices 2a and 2b.   
 
In total, 155 taxa were recorded in the main channel, representing seven phyla, 10 classes, 15 
orders and 62 families.  More taxa were recorded in winter (131 taxa) compared to summer 
(119).  The holozooplankton was by composition, almost entirely comprised of Copepoda.  In 
total, 81 species of Copepoda were recorded, representing the orders Calanoida (42 species), 
Cyclopoida (31) and Harpacticoida (8).  Fifty-five per cent of the Copepoda species occurred 
between Stations 1 and 3.  Upstream of Station 3, the diversity of Copepoda decreased 
steadily.  The Calanoida species, Acartiella natalensis and Pseudodiaptomus hessei showed 
numerical dominance (Appendices 2, 3) in the middle and upper estuary, collectively 
accounting for 97% of the holozooplankton abundance.  Holozooplankton taxa occurring in 
low numbers included species of Hydrozoa, Ostracoda, Chaetognatha, Sergestoidea and 
Foraminifera.   
 
Bentho-pelagic species recorded in the zooplankton typically comprised the Peracarida orders 
(ranked by numerical importance): Mysida, Amphipoda, Isopoda, Cumacea and Tanaidacea.  
The Mysida species Mesopodopsis africana, M. wooldridgei, Rhopalophthalmus terranatalis 
and Gastrosaccus brevifissura respectively accounted for 97% and 42% of the total summer 
and winter bentho-pelagic density.  The Amphipoda was the most diverse among bentho-
pelagic representatives with eighteen species recorded in the main channel.  Those most 
commonly encountered (12% frequency across all stations and times) were Americorophium 
triaeonyx, Afrochiltonia capensis, Melita zeylanica, Grandidierella lignorum and G. 
bonnieroides.  Isopoda represented the second most important bentho-pelagic group in 
diversity.  Ten species of Isopoda were recorded during the study period.  The Cirolanidae 
species Eurydice kensleyi, E. longicornis and Excirolana natalensis were common around the 
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sandy areas of the lower estuary.  Cyanthura estuaria, Cirolana fluviatilis and Corallana 
africana were by contrast more prevalent in the middle and upper reaches.   
 
The merozooplankton was numerically and taxonomically dominated by Decapoda larvae.  
Eleven species of Brachyura larvae were recorded in the main channel, representing the 
families Dotillidae, Hymenosomatidae, Grapsidae, Sesarmidae, Camptandriidae, Ocypodidae 
and Varunidae.  Seventy-two percent of the Brachyura species recorded in the present study, 
occurred in close proximity to those areas where the adult forms were observed to occur.  
Zoea of Uca urvillei, Neosarmatium africanum, Parasesarma catenatum for example were 
most abundant in the lower and middle reaches where the intertidal areas are characterized by 
stands of Rhizophora mucronata and Avicennia marina trees.  The same trend was observed 
for stage 1 larvae of the mud prawn Upogebia africana, which was more abundant in the 
middle estuary where adult populations are found along the muddy intertidal reaches of the 
main channel.    
 
4.3.2 Species diversity and abundance 
Species richness (SRs) and diversity (H’) reflected similar patterns of longitudinal variation, 
decreasing in magnitude from the lower to the middle and upper estuary in summer (Fig. 
4.3a, c) and winter (Fig. 4.3e, g) respectively.  Species richness was maximal at Station 1 
near the mouth during both seasons (mean ± 1SD: summer = 29.0 ± 8.8 species, winter = 
31.8 ± 10.6 species) (Fig.4.3a, e).  Summer values decreased sharply in an upstream 
direction, reaching a minimum of 6.2 ± 3.8 species at Station 5.  Stations 5 to 8 exhibited 
similar levels of SRs ranging from 6.2 (Station 5) to 6.6 species (Stations 7 and 8).  Upstream 
of Station 8, SRs gradually increased to 8.6 ± 1.5 species at Station 9 and 10.0 ± 1.9 species at 
Station 10 in the upper estuary.  By comparison, the decreasing trend in SRs towards the 
middle reach stations was less pronounced in winter (Fig. 4.3e).  The average number of 
species recorded in the lower estuary ranged from 20.6 species at Station 3 to 31.8 species at 
Station 1.  The decreasing trend continued upstream of Station 3 reaching a minimum at 
Station 9 (5.4 ± 2.8 species) and increasing again towards Station 10 (6.8 ± 3.1species).   
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Figure 4.3: Longitudinal variation in sample species richness (a, e), density (b, f), Shannon-
Wiener diversity (c, g) and Pielou’s evenness (d, h) of zooplankton sampled at ten stations in 
the main channel of the Mgazana Estuary in summer (a-d) and winter (e-h), 2002-2006.  
Data represent the mean (± 1SD) for five summer and winter sessions (n = 5).  Station labels 
are indicated in (a).  Species richness (a, e) and diversity (c, g) showed similar trends of 
decreasing values from the mouth to the middle estuary, while in summer a slight increase 
towards Station 10 in the upper estuary was evident.  Total density by contrast, increased in 
an upstream direction, peaking in the middle estuary in summer and upper estuary in winter 
(b, f).  Longitudinal trends in evenness were less obvious (d, h).    
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Compared to SRs and H’, longitudinal variation in mean total density followed an inverse 
trend, being minimal at Station 1 (summer mean ± 1SD = 2 114.5 ± 1 503.9 ind.m
-3
; winter = 
983.1 ± 670.5 ind.m
-3
) and increasing in an upstream direction (Fig. 4.3b, d).  Total density 
peaked at Stations 5 (54 607.4 ± 44 906.4 ind.m
-3
) and 7 (33 443.5 ± 12 419.5 ind.m
-3
) in 
summer and winter respectively.  Summer values decreased gradually upstream of Station 5 
towards Station 10 (17 546.0 ± 16 914.9 ind.m
-3
).  By contrast, winter values decreased from 
Station 7 and 8 (20 206.5 ± 10 915.9 ind.m
-3
), before increasing again towards Station 10 
(32 731.7 ± 28 482.8 ind.m
-3
).  All between station comparisons of SRs, N and H’ indicated 
statistically significantly different results (one-way ANOVA: all P < 0.05, Table 4.2).   
 
Longitudinal variation in summer evenness values visually gave little indication of trend (Fig. 
4.3d).  Values varied arbitrarily between stations, which despite showing a general decreasing 
trend from the lower to the upper estuary were found not to be statistically significantly 
different (one-way ANOVA: F9,40 = 0.742, P = 0.669, Table 4.1).  By contrast, variation in 
winter values (Fig. 4.3h) showed some indication of trend when examined visually.  This 
trend seemed similar to those observed for winter SRs (Fig. 4.2e) and H’ values (Fig 4.3g).  
Winter evenness values decreased considerably from the lower (series maximum mean ± 1SD 
= 0.597 ± 0.221, Station 1) to the middle estuary (series minimum = 0.302 ± 0.095, Station 7) 
before marginally increasing once more towards Station 10 (0.406 ± 0.308).  Differences 
between stations were not statistically significant (F9,40 = 1.711, P = 0.118) however, despite 
the obvious change in evenness between the lower and middle estuary (Table 4.2).   
 
Visual interpretation of the metric-by-distance plots (Fig. 4.3) in conjunction with the results 
obtained from inferential tests (Table 4.2) suggests that longitudinal trending in SRs, N and 
H’ were well defined.  With the exception of the results observed for J’, the null hypothesis 
of poor longitudinal trending in SRs, N and H’ is therefore rejected.   
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Table 4.2: One-way ANOVA results shown for between-station comparison of differences in sample species richness (SRs), total density (N), 
Shannon-Wiener diversity (H’) and Pielou’s evenness (J’), calculated for the zooplankton sampled in summer and winter (2002-2006: n = 5).  
Summer SRs and N, as well as Winter N and H’ data were log10 transformed prior to inferential testing as these data did not meet parametric 
assumptions in the raw format (Kolmogorov-Smirnov: P < 0.05, Levene’s: P < 0.05).  Degrees of freedom (df), sum of squares (SS), mean 
squares (MS), F-statistic values and P-results are shown for each test.  The significance levels of those null hypotheses rejected are also shown: 
* α = 0.05, ** α = 0.01, *** α = 0.001, ns = not significant.  There were significant differences (P < 0.05) between stations for all metrics except 
J’.  
 
 
 
df SS MS F P Significance df SS MS F P Significance
SRA Between groups 9 2.297 0.255 8.608 <0.001 *** 9 4214.820 468.313 16.369 <0.001 ***
Residual 40 1.186 0.030 40 1144.400 28.610
Total 49 3.482 49 5359.220
N Between groups 9 7.458 0.829 3.052 0.007 ** 9 10.909 1.212 2.367 0.030 *
Residual 40 10.859 0.271 40 20.481 0.512
Total 49 18.310 49 31.390
H' Between groups 9 4.468 0.496 5.111 <0.001 *** 9 2.303 0.256 7.480 <0.001 ***
Residual 40 3.885 0.097 40 1.368 0.034
Total 49 8.353 49 3.671
J' Between groups 9 0.149 0.017 0.742 0.669 ns 9 0.529 0.059 1.711 0.118 ns
Residual 40 0.893 0.022 40 1.374 0.034
Total 49 1.042 49 1.903
WinterSummer
Variable
Source of 
variation
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4.3.3 Ordination and classification of biological assemblages 
Multivariate analysis performed on zooplankton data provides evidence for the existence of 
three distinct assemblages in summer and four in winter (Fig. 4.4).  Cluster dendograms 
constructed from fourth-root transformed abundance data produced non-significant sub-
structuring (SIMPROF: P < 0.05), confirming genuine cluster formation.  Stations composing 
each cluster group thus contained significantly similar zooplankton assemblages.  Summer 
assemblage group I (SAI: 59% within group similarity, π = 0, P = 1.000), comprising of 
Stations 1 and 2, differed significantly (36% similarity, π = 12.03, P = 0.001) from SAII 
(Stations 3-8) and SAIII (Stations 9 and 10).  This large distinction between SAI and the 
other assemblage groups was also evident in the primary MDS ordination (Fig. 4.4bi).  
Summer assemblage group I was characterized by a mixed assemblage of species from 
marine (stenohaline, steno-euryhaline) and estuarine origins (Appendix 3).  Of these, 
Pseudodiaptomus hessei, Parvocalanus crassirostris and Halicyclops denticulatus ranked as 
the top three contributors to the within group similarity (cumulative similarity = 78%).   
 
Upstream of Station 2, species composition changed notably (Fig. 4.4bi) from a mixed 
assemblage to one dominated numerically by euryhaline species, (Appendix 3).  Summer 
assemblage II portrayed a within group similarity of 70%, indicating that little differentiation 
in composition occurred between Stations 3 and 8 (Fig. 4.4a).  Despite such a high degree of 
similarity, ordination of these stations appeared scattered in the two-dimensional view of the 
secondary MDS plot (Fig. 4.4bii).  The Copepoda species Acartiella natalensis, 
Pseudodiaptomus hessei and Mysida Mesopodopsis africana, collectively accounted for 70% 
of the within group similarity (Appendix 3).  These species attained extremely high levels of 
abundance within this region of the estuary (Fig. 4.5b, 4.6b), which along with their even 
distribution between Stations 3 and 8, contributed to their similarity rank status (Appendix 3).  
Their numerical contribution reflected strongly when dominance profiles were compared 
(Fig. 4.7a).  Dominance profiles varied significantly between assemblage groups (ANOSIM: 
global R = 0.567, P = 0.019), with the difference between SAI and SAII being the most 
prominent (post-hoc multiple comparison: R = 0.938, P = 0.036). 
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Figure 4.4: Ordination of stations based on Bray-Curtis Similarities (%) calculated for summer (a, bi, bii) and winter (c, d) zooplankton species composition and 
abundance.  Shown are cluster dendograms (a, c) and MDS ordination plots (bi, bii, d) illustrating three (SAI-SAIII) and four (WAI-WAIV) SIMPROF cluster 
groupings (P > 0.05) for summer and winter respectively as well as the similarity percentages associated with these non-significant sub-structuring.  MDS plot (bii) is 
a subset of the tight grouping of Stations 3-10 enveloped by the red square in (bi).  Similarity (%), π-values and P results are shown for each significant branching (a, 
c).  Both summer and winter zooplankton showed prominent trends in spatial ordination, suggesting the existence of three and four different assemblages between the 
lower and the upper reaches of the Mgazana Estuary in summer and winter respectively. 
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Figure 4.5: Comparison of assemblage species richness (a, c) and density (b, d) between 
assemblage groups identified for summer (a, b) and winter (c, d) zooplankton in the Mgazana 
Estuary.  Data represent the mean (red hatched line), median (horizontal black solid line), 5th 
(negative whisker), 25th (minimum box parameter), 75th (maximum box parameter) and 95th 
(positive whisker) percentiles.  Alphabetical letters mark homogenous groups identified by 
Holm-Sidak multiple comparison tests (ANOVA results in Table 4.2).   
 
 
Fifty per cent of the species contributing more than 90% of the within group similarity of 
SAII, were present in the plankton as larval stages.  Ranked by order of contribution, they 
were: Hymenosoma cf orbiculare (6%), Parasesarma catenatum (4%), Upogebia africana 
(3%), Paratylodiplax blephariskios (2%) and an unidentified Polychaeta larva (2%).  Species 
richness increased significantly (Holm-Sidak: t = 2.252, P = 0.029, Table 4.3) upstream of 
Station 8 (Fig. 4.5a), with additions of bentho-pelagic Peracarida species contributing to the 
significant branching between SAII and SAIII (SIMPROF: 68% between-group similarity, π 
= 1.55, P = 0.006, Fig. 4.4a).  The Amphipoda Americorophium triaonyx, Melita zeylanica 
and Afrochiltonia capensis cumulatively contributed 14% to the within group similarity 
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(Appendix 3).  Acartiella natalensis, Pseudodiaptomus hessei and Mesopodopsis africana 
were once more ranked as the top three most important contributors to within group similarity 
(cumulative = 59%), albeit that P. hessei surrendered one rank position from second to third 
compared to SAII (Appendix 3).   
 
Table 4.3: Results from one-way Analysis of Variance (ANOVA) and post-hoc multiple 
comparison (Holm-Sidak method) tests performed on log10 transformed assemblage species 
richness (SRA) and total density (N) data to test the null hypothesis of no significant 
difference between assemblage groups.  Summer and winter zooplankton data were processed 
seperately.  Shown for the ANOVA results are: degrees of freedom (df); F-statistic values, P 
results.  Shown for the Holm-Sidak method tests are: t-statistic values, P results and 
significance level (*α = 0.05, **α = 0.01, ***α = 0.001, ns = not significant).  Summer and 
winter assemblages varied significantly both in terms of species richness and total density.   
 
 
 
 
df F P Comparison t P Significance
Summer
Species richness (SRA) 2,47 30.645 <0.001 I vs II 7.823 <0.001 ***
I vs III 4.549 <0.001 ***
II vs III 2.252 0.029 *
Total density (N ) 2,47 11.567 <0.001 I vs II 4.809 <0.001 ***
I vs III 2.888 0.012 *
II vs III 1.272 0.209 ns
Winter
Species richness (SRA) 3,46 36.640 <0.001 I vs II 2.902 0.011 *
I vs III 8.608 <0.001 ***
I vs IV 8.740 <0.001 ***
II vs III 5.257 <0.001 ***
II vs IV 5.838 <0.001 ***
III vs IV 1.484 0.145 ns
Total density (N ) 3,46 6.700 <0.001 I vs II 1.502 0.260 ns
I vs III 4.316 <0.001 ***
I vs IV 2.292 0.102 ns
II vs III 2.582 0.064 ns
II vs IV 0.790 0.433 ns
III vs IV 1.669 0.276 ns
one-way ANOVA Holm-Sidak Method
Variable
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Figure 4.6: Number of species (a, c) and total density (b, d) of the stenohaline, steno-
euryhaline, euryhaline and merozooplankton components compared between assemblages 
identified for the summer (a, b) and winter (c, d) zooplankton of the Mgazana Estuary.  Data 
represent the mean ± 1SD calculated for each component from raw data (2002-2005).  
Density values portrayed on the y-axes of (b) and (d) appears on log-scales.   
 
 
Overall, total density (mean ± 1SD) declined marginally from SAII to SAIII (37 266.6 ± 
31 648.2 and 21 125.2 ± 17 446.9 ind.m
-3
, Holm-Sidak: t = 1.272, P = 0.209) (Fig. 4.5b, 
Table 4.3), seemingly due to the reduced abundance of Acartiella natalensis and 
Pseudodiaptomus hessei at Stations 9 and 10 compared to stations downstream.  The decline 
in total density and significant increase in species richness from SAII to SAIII was not 
substantial enough to render the dominance of SAIII significantly different from SAII (post-
hoc multiple comparison: R = 0.135, P = 0.357).  The magnitude of the R (R = 0 being 100% 
similar) and similarity in the shape of the curves portrayed in Fig. 4.7a supported the 
statistical results in this respect.   
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Figure 4.7: Summer (a) and winter (b) k-dominance curves of the zooplankton sampled at 
ten stations along the main channel of the Mgazana Estuary.  ANOSIM results for the test of 
no significant difference in dominance profiles between assemblage groups (summer: SAI, 
SAII, SAIII; winter: WAI, WAII, WAIII, WAIV) are shown.  For both seasons, dominance 
varied significantly between assemblage groups.   
 
 
With the exception of WAI, the multivariate patterns observed for winter (Fig. 4.4c, d) were 
quite similar to summer in terms of species composition of the various assemblages.  Stations 
1 and 2 (WAI: within-group similarity = 71%) were significantly separated (SIMPROF: π = 
3.81, P = 0.001) from Stations 3 and 4 (WAII: within-group similarity = 62%) at 56% 
between-group similarity.  Significantly higher species richness (SRA mean ± 1SD: 29.8 ± 9.5 
species vs. 17.2 ± 5.2 species; Holm-Sidak: t = 2.902, P = 0.011, Table 4.3) and lower total 
density (N mean ± 1SD: 2 035.2 ± 1 755.2 ind.m
-3
 vs. 5 016.6 ± 3 494.8 ind.m
-3
; Holm-Sidak: 
t = 1.502, P = 0.260, Table 4.3) appeared to be the main contributing factor to this distinction 
(Fig. 4.4c, d).  By composition, WAI comprised species of marine origin, with a substantial 
contribution coming from steno-euryhaline Copepoda (Fig. 4.6c).  Of these, Parvocalanus 
crassirostris (6%), Halicyclops denticulatus (3%), Euterpina acutifrons (3%) and several 
Oithona (6 species), Corycaeidae (5 species) and Oncaea species (3 species) contributed the 
most (cumulative = 37%) to the within-group similarity (Appendix 4).   
 
The numerical importance of euryhaline species such as Pseudodiaptomus hessei (ranked 1
st
: 
contribution to within-group similarity = 11%) and Acartiella natalensis (ranked 2
nd
, 5%) 
became evident in WAII (Appendix 4).  In terms of composition, WAII (Stations 3 and 4) 
was characterized by an assemblage resembling that of SAI (Appendix 3).  The assemblage 
comprised species of mixed marine (stenohaline, steno-euryhaline) and estuarine origin, the 
later including holozooplankton, merozooplankton and bentho-pelagic species (Appendix 4).   
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SIMPROF analysis revealed that no significant multivariate pattern existed between Stations 
5 and 8, indicating that the community varied little between these stations (WAIII: within-
group similarity = 77%, π = 1.03, P = 0.326).  This assemblage differed considerably from 
the assemblages characterizing the lower estuary, portraying a marked reduction in species 
richness and an increase in both abundance and dominance (Figs. 4.5c-d, 4.7b).  By 
composition, WAIII resembled SAI in that the assemblage was characterized by euryhaline 
and merozooplankton species (Appendix 4).  Acartiella natalensis, Pseudodiaptomus hessei 
and Upogebia africana stage 1 larvae cumulatively accounted for 52% of the within-group 
similarity (Appendix 4).  In addition to U. africana larvae, six merozooplankton species 
occurred in the winter zooplankton between Stations 5 and 8, viz. (ranked in decreasing order 
of numerical importance) Parasesarma catenatum zoea (maximum mean density = 257.3 
ind.m-3 at Station 5), Paratylodiplax blephariskios zoea (88.3 ind.m-3 at Station 5), an 
unknown species of Polychaeta larvae (9.3 ind.m-3 at Station 5), Neosarmatium africanum 
zoea (12.4 ind.m-3 at Station 5), Hymenosoma cf. orbiculare (6.9 ind.m-3 at Station 8) and 
Varuna litterata megalopa (4.1 ind.m-3 at Station 5).  Throughout the study period, V. 
litterata megalopa were only recorded in July 2004 and although the species was only caught 
at Station 5, megalopa were observed swimming on the service throughout the estuary.   
 
Winter assemblage IV (Stations 9 and 10) attained a within group similarity of 83% and even 
though some compositional characteristics were shared with WAIII, multivariate structure 
were significantly different at 68% between-group similarity (SIMPROF: π = 3.89, P = 
0.001).  Compared to WAIII, the numerical contribution of bentho-pelagic Peracarida species 
were more significant (Appendix 4).  The Amphipoda species Americorophium triaeonyx, 
Cumacea Iphinoe truncata and Mysida Mesopodopsis africana were among nine species 
cumulatively contributing more than 90% of the within-group similarity (Appendix 4).  The 
difference in mean (± 1SD) total density between WAIII and WAIV was not statistically 
significant (23 458.2 ± 10 791.4 ind.m
-3
 and 29 258.1 ± 23 030.4 ind.m
-3
, Holm-Sidak: t = 
1.669, P = 0.276, Table 4.3), even though the density of Acartiella natalensis increased 
considerably upstream of Station 8.  The contribution of merozooplankton species was less 
important as values of both density and species richness were visibly lower for WAIV 
compared to WAIII (Fig. 4.6b, d). 
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Summer and winter assemblages showed a high level of agreement with model matrices 
constructed from serration by distance factors (RELATE permutations).  The effect was more 
pronounced for winter assemblages (ρs = 0.831, P < 0.001) compared to summer (ρs = 0.743, 
P < 0.001).  In both cases, spatial variation in assemblage composition exhibited strong linear 
tendencies over the horizontal axis of the estuary.  
 
Statistically significant matches between environmental variables and biological multivariate 
patterns were obtained for BIOENV permutations performed on both summer (ρs = 0.908, P 
= 0.010) and winter data (ρs = 0.712, P = 0.010) (Table 4.4).  Combinations of temperature, 
salinity and turbidity showed strong correlations with biological multivariate patterns (Table 
4.4).  Using the full complement of variables as input data, BIOENV results indicated that 
improved matches could be obtained for smaller subsets of variables in either case (0.363 
improvement on ρs for summer, 0.174 for winter).  Top ranked was the combined effect of 
integrated salinity and turbidity, which explained 91% of the summer zooplankton 
multivariate pattern.  The addition of temperature stratification (ranked second) and surface 
turbidity (ranked third) reduced the magnitude of the correlation coefficient marginally (ρs = 
0.897 and ρs = 0.885 respectively).  Integrated salinity was highly correlated with surface 
measurements of temperature and salinity, bottom salinity and integrated temperature (ρs > 
0.950).  The potential integrated salinity holds in combination with other variables selected as 
best matches, can therefore not be interpreted without consideration for those it was highly 
inter-correlated with.   
 
Similarly, integrated salinity measured in winter, in combination with temperature 
stratification and bottom turbidity represented the top ranked match (ρs = 0.712) with 
biological multivariate patterns (Table 4.4).  Integrated salinity was highly inter-correlated 
(ρs > 0.950) with surface and bottom salinity, surface dissolved oxygen and integrated 
dissolved oxygen.  Ranked second was integrated salinity and bottom turbidity, which 
produced a marginally weaker match (ρs = 0.710) with temperature stratification omitted.  
The matching potential was further reduced to less than 70% with salinity stratification added 
to the combination of variables.   
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Table 4.4: BIOENV results showing the combination of variables that best matched 
multivariate patterns of summer and winter zooplankton.  Salinity, turbidity and temperature 
emerged as important variables driving the spatial orientation of zooplankton assemblages in 
the Mgazana Estuary.  Integrated salinity and turbidity in combination produced the strongest 
association with summer zooplankton, while for winter stratification in temperature, 
integrated salinity and bottom turbidity produced the strongest association.   
 
 
 
Variables selected
ρs P
Summer
Full set 12 0.545 All variables
Best sets 0.908 0.010 1 2 0.908 Integrated salinity
Integrated turbidity
2 3 0.897 Temperature stratification
Integrated salinity
Integrated turbidity
3 3 0.885 Integrated salinity
Surface turbidity
Integrated turbidity
Winter
Full set 12 0.538 All variables
Best sets 0.712 0.010 1 3 0.712 Temperature stratification
Integrated salinity
Bottom turbidity
2 2 0.710 Integrated salinity
Bottom turbidity
3 4 0.697 Temperature stratification
Salinity stratification
Integrated salinity
Bottom turbidity
Variable 
Sets
Global result Result
Rank
No. of 
variables
ρs
obtained
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4.3.4 Species turnover 
Species turnover plotted as a function of the distance of the between-station locations relative 
to the sea (Fig. 4.8a, c), presented peaks matching areas of transition between zooplankton 
assemblages (Fig. 4.4).  With the exception of the summer situation (Fig. 4.8a), the two 
measures of beta diversity (βSIM and βW) did not always reflect similar trends (Spearman rank 
correlation; Summer: ρs = 0.70, P = 0.030, Winter: ρs = 0.69, P = 0.186).   The source of 
significant variation between the βSIM and βW curves plotted for winter seemed to arise from 
the divergence in trend notable for station-pairs representing the middle estuary (Fig. 4.8c).   
 
Turnover attributed to compositional change (βW) increases steadily from Station-pair 1 and 2 
(0.22) towards Station-pair 4 and 5 (series maximum: 0.48).  βSIM by contrast showed a 
steady decline from 0.29 calculated for Station-pair 2 and 3 to 0.20 calculated for Station-pair 
4-5.  Comparing species turnover with the trend of their constituents (a: species shared; b: 
gained, c: lost), it becomes obvious that the divergent trends in βSIM and βW were respectively 
influenced by those constituents for which they are weighted.  For example, an increase in βW 
is well matched with a decrease in a, the shared component.  Conversely, the decreasing trend 
in βSIM associated with a sharp increase in c, species loss from one station to the next.  Beta 
diversity values calculated for summer appeared to be influenced in a similar fashion (Fig. 
4.8a, b).  The maximum value of βW calculated for summer zooplankton was recorded at 
Station-pair 2 and 3 (0.52), which associated with a sharp decrease in the number of species 
shared (a) from 38 at Station pair 1 and 2, to 18 at Station-pair 2 and 3.  This location marks 
the transition between assemblages SAI (Stations 1 and 2) and SAII (Stations 3 to 8).  The 
high magnitude of species turnover at Station-pair 2 and 3 was attributable to compositional 
changes among the Copepoda (βW = 0.64, series maximum).  Similarly, the high magnitude 
in species turnover of winter zooplankton calculated for the Station-pair 4 and 5 (boundary 
between WAII and WAIII, Fig. 4.4c, d) was also attributable to compositional changes 
among the Copepoda (βW = 0.57, series maximum). The boundaries between SAII-SAIII and 
WAIII-WAIV, both at Station-pair 8 and 9 were by contrast associated with high species 
turnover (Summer βSIM = 0.31; Winter βSIM = 0.27) attributable to species gradient changes 
associated with the Copepoda (Summer βSIM = 0.40; Winter βSIM = 0.29, maxima for both 
series).   
Chapter 4 
82 
 
 
 
Figure 4.8: Variation in beta diversity values (βSIM and βW) expressing species turnover of 
the summer (a) and winter (c) zooplankton between adjacent stations along the length of the 
Mgazana Estuary, compared to the trends of the metric constituents: species shared (a), 
species gained (b) and species lost denoted c (b, d).  Red arrows mark boundaries between 
assemblages identified by multivariate analyses.  Boundaries coincided with visibly sharp 
inclines in values of beta diversity. 
 
 
In summer, beta diversity values calculated for bentho-pelagic Peracarida species and 
Decapoda larvae, respectively peaked at Station-pair 6 and 7 (βSIM = 0.50, βW = 0.64) and 
Station-pair 1 and 2 (βSIM = 0.43, βW = 0.47).  In winter, values calculated for the same 
taxonomic groups respectively peaked at Station-pair 1 and 2 (βSIM = 0.5, βW = 0.6) and 
Station-pair 3 and 4 (βSIM = 0.40, βW = 0.54).  Contrary to the Copepoda, species turnover 
peaks observed for the species of Peracarida and Decapoda larvae did not associate with areas 
of transition between assemblages identified by multivariate analyses.   
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4.4 Discussion 
Estuaries as transitional waters between marine and freshwater ecosystems (McLusky and 
Elliott 2007) are strongly influenced by the physical, chemical and biological characteristics 
of marine and landscape processes (cf. Whitfield and Elliott 2011).  In this respect, estuaries 
are unique among ecosystems as some elements from both the marine and freshwater entities 
are retained while still portraying characteristics different to both (Elliott and Whitfield 
2011).  Permanently open estuaries (POE) receiving consistent freshwater inflows 
characteristically exhibit environmental gradation over horizontal and vertical scales resulting 
from mixture between marine and freshwaters (Elliott and McLusky 2002, Uncles 2002, 
Dethier et al. 2010, Telesh and Khlebovich 2010).  Biological communities respond to 
environmental gradation in a non-linear manner so that species are not uniformly distributed 
over the saline-freshwater continuum (Barlow 1955).  Spatially, species tend to aggregate 
into zones according to (inter alia) their individual affinities to certain environmental 
conditions (Bulger et al. 1993).  Heterogeneous distribution patterns over horizontal scales of 
POEs, have been reported for most biological communities (e.g. Ketchum et al. 1952, Martin 
1988, Mees et al. 1993, Wooldridge and Deyzel 2009b), including zooplankton (e.g. Taw and 
Ritz 1978, Laprise and Dodson 1994, Silva et al. 2009, Wooldridge and Deyzel 2009a).   
 
In a review of the zooplankton from South African estuaries, Wooldridge (1999) expresses 
concern over the small number of studies within the region that adequately demonstrate 
relationships between spatial dynamics of estuarine zooplankton and environmental variables.  
Quantitative studies are few and limited to the Atlantic coast of the Western Province (e.g. 
Montoya-Maya and Strydom 2009, Wooldridge and Deyzel 2009a), the southern coast of the 
Eastern Cape Province (Wooldridge and Bailey 1982, Jerling and Wooldridge 1994b, 1995b) 
and KwaZulu-Natal on the subtropical east coast of South Africa (Jerling 2003, 2008).  Many 
are focussed on specific taxa (Jerling and Wooldridge 1991, Jerling and Wooldridge 1992, 
Froneman 2004a) or processes (Jerling and Wooldridge 1995a, Froneman 2000, Froneman 
2001a, 2001b, Perissinotto et al. 2003).  Only a few adopted a multivariate community 
resolution approach, wherein assemblages were characterised and relationships with 
environmental variables explored (Kibirige and Perissinotto 2003, Froneman 2004b, Jerling 
2005, 2008, Wooldridge and Deyzel 2009a, Carrasco et al. 2010, Jerling et al. 2010).  None 
addressed spatial dynamics within the theoretical framework of ecological boundaries.  
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Results from the present study showed strong trends of linear succession between several 
zooplankton assemblages in the Mgazana Estuary.  Spatial heterogeneity was reflected in the 
abundance, species richness, diversity, evenness and dominance (Figs. 4.3, 4.7).  Multivariate 
analyses revealed three distinct assemblages representative of the summer model (SAI-
SAIII), while for winter four assemblages (WAI-WAIV) were distinguishable (Fig. 4.4).  In 
each case, assemblages differed substantially in terms of species richness and abundance 
(Fig. 4.5).   
 
These findings were similar to patterns of distribution reported for estuaries exhibiting strong 
environmental gradation (Collins and Williams 1982, Mallin 1991, Modéran et al. 2010).  
Salinity as primary regressor in biological-physical relationships is well evidenced in the 
literature (see review by Telesh et al. 2010).  A two-year investigation on zooplankton from 
the Westerschelde Estuary in Europe for example, identified four distinct assemblages along 
the salinity gradient (Soetaert and Rijswijk 1993).  Their analysis showed a clear transition 
between stenohaline, mixed stenohaline/euryhaline, strictly euryhaline and freshwater 
assemblages along the longitudinal extent of the estuary.  Similarly, a delineation of three 
assemblages was noted for zooplankton from the St. Lawrence Estuary, Canada (Laprise and 
Dodson 1994).  Once more a progressive change in composition was evident between the 
mouth and upper reaches.  A mixture of stenohaline and euryhaline species occurring in the 
lower estuary was replaced by euryhaline species in the middle reaches, which in turn 
transitioned into a tidal freshwater component near the head.   
 
The zooplankton of the Mgazana Estuary was species rich, abundant and in terms of 
composition typical of mangrove systems from tropical (Robertson et al. 1988, McKinnon 
and Klumpp 1998, Costa et al. 2009, Magalhães et al. 2009), and subtropical regions 
(Wooldridge 1976, Jerling 2003, Tan et al. 2004, Jerling 2005, Lam-Hoai et al. 2006).  A 
total of 187 taxa were recorded during the study period, of which most were representative of 
stenohaline and steno-euryhaline forms.  The zooplankton was dominated by Copepoda in 
terms of abundance (99% of total density) and species richness (52%).  Numerical and 
taxonomic dominance of Copepoda are reported for estuaries from the northern (Collins and 
Williams 1981, 1982, Hwang et al. 2010) and southern hemisphere (Taw and Ritz 1978, 
Robertson et al. 1988, Duggan et al. 2008).  Ninety-seven per cent (181 taxa) of the species 
occurred downstream of Station 3 in the lower estuary.  More than 45% (83 taxa) of these 
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were strictly marine, 25% steno-euryhaline, 10% euryhaline and the remaining 20% larvae of 
Decapoda, Mollusca, Polychaeta and fishes. 
 
In terms of composition, zooplankton from Stations 1 and 2 showed a high degree of 
similarity and seasonally composed the lower estuary assemblages SAI (summer) and WAI 
(winter) (Fig. 4.4).  In summer, the zooplankton from this area comprised a mixed 
assemblage of stenohaline, steno-euryhaline, euryhaline and merozooplankton species.  By 
contrast, WAI, showed a predominance of neritic Copepoda of the families Calanidae (e.g. 
Calanus alguhensis), Paracalanidae (e.g. Acrocalanus gracilis), Pontellidae (e.g. Calanopia 
elliptica) and Centropagidae (e.g. Centropages chierchiae).  Water near the mouth was 
strongly influenced by coastal conditions and appeared to be in a perpetual state of flux 
between ebb and flows of the exchanging tides.  Time spent within the confines of the estuary 
by neritic species, was generally short, not exceeding one tidal cycle as they were transported 
in and out of the system on the exchanging tides (Grindley 1981, cf. Deyzel unpublished 
data).  The manner in which data reflected this process was strikingly obvious.  Species 
specific occurrences rarely followed trend and their overall abundance were low compared to 
species occurring elsewhere in the estuary.     
 
The composition of SAI was more comparable to WAII than WAI.  As was the case with 
SAI, WAII comprised a mixture of stenohaline, steno-euryhaline, euryhaline and 
merozooplankton species.  The steno-euryhaline component comprised Copepoda that were 
more abundant compared to their stenohaline counterparts.  Steno-euryhaline species also 
exhibited wider distribution ranges along the main channel.  This phenomenon is typical of 
steno-euryhaline zooplankters (Grindley 1981, Wooldridge 1999).  Among those complying 
with this description were smaller sized species of Calanoida (Family Paracalanidae), 
Cyclopoida (Oithona spp.) and Harpacticoida (Euterpina acutifrons).  Euterpina acutifrons 
occurred throughout the estuary at times attaining numbers close to 1 000 ind.m
-3
 (maximum 
= 841 ind.m
-3
, Station 2, August 2005).  Parvocalanus crassirostris by contrast, were 
restricted to stations downstream of Station 4, where they occurred in much higher numbers 
(e.g. 1 552 ind.m
-3
 at Station 1, June 2003).  Although stations sampled in the creeks were not 
reported in the present study, it is worthwhile noting that P. crassirostris were particularly 
common within these areas, particularly Creek 2, where on a single occasion numbers as high 
as 6 122 ind.m
-3
 were recorded in August 2005 (see Appendix 2 for further discussion).  Both 
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species are widely distributed throughout the world’s coastal areas and estuaries (Bradford-
Grieve et al. 1999).  Such distribution patterns are indicative of their ability to tolerate a 
wider ranges of environmental conditions compared to their strictly marine counterparts.  The 
composition, abundance and distribution ranges recorded in the Mgazana Estuary were 
consistent with data from estuaries elsewhere in South Africa (Grindley and Wooldridge 
1974, Grindley 1981) and Africa at large (Okemwa 1986, Revis 1988, Debenay et al. 1989), 
Australia (Duggan et al. 2008), Tasmania (Hwang et al. 2010), Brazil (Magalhães et al. 
2009), Europe (Soetaert and Rijswijk 1993) and Taiwan (Taw and Ritz 1978). 
 
Oithonidae species portrayed similar distribution patterns compared to Parvocalanus 
crassirostris, but was not quite as abundant.  Many Oithonidae species exhibit global-wide 
distribution ranges (Paffenhöfer 1993 and references therein).  Their ubiquitous occurrence is 
attributed to low rates of feeding, growth and reproduction (Paffenhöfer 1993).  These 
characteristics are hypothesised to give the Oithonidae a behavioural and physiological 
advantage enhancing their ability to tolerate sub-optimal environmental conditions 
(Paffenhöfer 1993).  In the Mgazana Estuary, the distribution of Dioithona oculata, D. 
regida, Oithona fallax, O. nana, O. plumifera, O. similis and O. simplex were mostly limited 
to waters around mangrove habitats in the lower estuary.  Similar associations with mangrove 
habitats were reported from mangrove estuaries in the northern and north-eastern Australian 
coasts (Robertson et al. 1988, McKinnon and Klumpp 1998, Duggan et al. 2008).  Oithona 
brevicornis by contrast, occurred at most stations in the main channel with little variation in 
abundance between seasons.  The numerical importance of small Copepoda such as the 
Oithonidae was most likely underestimated in the present study, given the mesh size used 
(see review by Gallienne and Robins 2001).  An earlier study using a smaller mesh size (124 
μm aperture) reported density values of O. brevicornis as high as 123 000 ind.m-3 in the 
vicinity of Station 3 (ca. 2.5 km upstream) in the Mgazana Estuary (Wooldridge 1977).  The 
extent to which the true numerical importance of Oithonidae and other small Copepoda are 
underestimated within the South African context is therefore a matter of considerable concern 
(see Chapter 8 for further discussion).   
 
A shift in composition from a mixed assemblage (SAI, WAII) to one predominated by 
euryhaline species (SAII, WAIII) was evident between Stations 2 and 3 in summer, and 
Stations 4 and 5 in winter.  In both cases, transitions were marked by opposing trends of 
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increasing abundance and decreasing species richness.  The effect was largely a function of a 
few super abundant species dominating a large proportion of the estuary unoccupied by most 
of the neritic species found in the lower estuary.  In summer, major numerical contributions 
(in order of importance) came from Acartiella natalensis, Pseudodiaptomus hessei and the 
mysid Mesopodopsis africana.  Acartiella natalensis and M. africana are common estuarine 
residents along the subtropical east and south-east coast of South Africa (Connell and 
Grindley 1974, Grindley and Wooldridge 1974, Wooldridge 1976, Wooldridge and Melville 
1979, Kibirige and Perissinotto 2003, Carrasco et al. 2007, Carrasco and Perissinotto 2010a, 
2010b, 2011, Wooldridge and Deyzel 2012).  Geographically, A. natalensis and M. africana 
are replaced by their temperate counterparts, viz. Paracartia longipatella and Mesopodopsis 
wooldridgei along a south-westward gradient (Wooldridge 1999, cf. Montoya-Maya and 
Strydom 2009).  Paracartia longipatella was absent from the plankton during the five-year 
study period, while M. wooldridgei only occasionally appeared in winter.  By contrast, both 
species were frequently recorded in the zooplankton of the adjacent temporary open-closed 
Mgazi Estuary, particularly in winter (Wooldridge and Deyzel 2012).  Patterns of distribution 
and abundance in the Mgazi Estuary were linked to seasonal water temperature regimes.  In 
summer, P. longipatella and M. wooldridgei showed a distribution range polarised towards 
the lower reaches, while in winter, lower temperatures favoured wider distribution ranges 
within the Mgazi Estuary.  Conversely, the distribution of their subtropical counterparts, were 
significantly correlated with higher temperatures in the upper reaches of the Mgazi Estuary.   
 
Spatial succession among counterparts of Acartiidae and Mesopodopsis were less pronounced 
in the Mgazana Estuary.  It is not at this point clear as to why Paracartia longipatella and 
Mesopodopsis wooldridgei were so rarely recorded in the Mgazana Estuary over the five-year 
period of the study.  Summer populations of Acartiella natalensis showed a wide range of 
distribution (all stations) with numbers peaking in the middle estuary at Station 6 (Appendix 
3a, cf. Chapter 6).  In winter, distribution ranges seemed more truncated towards the middle 
and upper reaches, with a marked summer-to-winter spatial shift in the population centre 
being evident from Station 6 to 9 (Appendix 3b).  The same was true for M. africana as far as 
summer distributions were concerned.  The species were recorded throughout the estuary, 
numerically peaking at Station 7 (Appendix 3a).  Winter populations were much less 
abundant and by distribution restricted to waters between Stations 2 to 10, peaking at Station 
4 (Appendix 3b).   
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Wooldridge and Deyzel (2012) deemed their findings comparable with work of Branch and 
Grindley (1981) who attributed spatial portioning between subtropical and temperate species 
(of various guilds) in the Mgazana Estuary as a function of water temperature.  However, 
results from Chapter 3 showed no evidence of thermal inertia in the upper reaches during the 
winter months.  In fact, on average temperature values showed a decreasing trend towards the 
upper reaches in winter and an opposing increasing trend in summer.  The opposing seasonal 
gradients were attributed to atmospheric processes causing overland cooling and heating of 
river water flowing into the estuary (see Section 3.4, Chapter 3).  The upper reaches of the 
Mgazana Estuary are much shallower (Stations 8 - 10, < 1m depth) compared to the upper 
reaches of the Mgazi Estuary (ca. < 2m).  In the Mgazana Estuary, the thermal inertia 
capacity of the upper reaches is therefore reduced as is evidenced by the opposing thermal 
gradients observed for summer and winter seasons.  The up- and downstream shifts in 
population centres of Acartiella natalensis and Mesopodopsis africana although being in 
agreement with the spatial patterns of zooplankton of the Mgazi Estuary (Wooldridge and 
Deyzel 2012) and various biological assemblages earlier identified in the Mgazana Estuary 
(Branch and Grindley 1981), could therefore not be attributed to the thermal inertia process 
proposed by these studies.    
   
Numerically, Acartiella natalensis and Pseudodiaptomus hessei also contributed significantly 
towards the characterisation of the summer and winter assemblages of the upper reaches of 
the Mgazana Estuary.  In terms of total density and species richness, SAIII and WAIV only 
differed marginally from the downstream SAII and WAIII assemblages.  Two key factors 
setting the middle and upper assemblages apart were: 1) seasonal shifts in the numerically 
dominant Copepoda from the middle to upper reaches, and 2) the increased numerical 
importance of the bentho-pelagic Peracarida fauna in the upper estuary (Appendices 4 and 5).  
Major contributions towards within-group similarities came from the Amphipoda 
Americorophium triaeonyx and Isopoda Corollana africana (Appendices 4 and 5).  
Amphipoda and Isopoda are predominantly hyperbenthal by nature, occasionally migrating to 
surface waters at night time (Mees and Hamerlynck 1992, Cattrijsse et al. 1993, Hamerlynck 
et al. 1993, Dewicke et al. 2003, Heyns and Froneman 2010).  The characteristics of the 
bottom habitats change dramatically from the middle to the upper reaches of the Mgazana 
Estuary.  The upper estuary is much shallower and provides a diversity of bottom habitats 
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ranging from fine silts to coarse sands, pebbles and rocks (cf. Chapter 7).  The elevated 
abundance of bentho-pelagic Peracarida species in the upper reaches can therefore likely be 
attributed to a wider variety of benthic habitats compared to a more homogeneous middle 
estuary habitat characterised by fine grained mud (cf. Chapter 7).   
 
An increase in species richness toward the upper reaches of estuaries is normally attributed to 
the presence of freshwater species introduced by freshwater flows (Grindley 1981, 
Wooldridge 1999 for concepts; Soetaert and Rijswijk 1993, Laprise and Dodson 1994 as 
examples).  In the present study, freshwater species were only recorded on one occasion 
(August 2006) following a flood caused by heavy rainfall.  A total of 93 mm of rain fell from 
the 31 July to 2 August (Day 1-3 of Winter 2006 sampling trip) and the estuary was in full 
flood for a period of three days.  Wooldridge (1999) notes that true freshwater zooplankters 
are poorly represented in South African estuaries, even in freshwater dominated systems such 
as the Berg Estuary (Wooldridge and Deyzel 2009a) and the Great Fish River Estuary 
(Wooldridge 2010).   
 
Within the theoretical framework of boundary dynamics (Van der Maarel 1990, Attrill and 
Rundle 2002), the spatial orientation of zooplankton assemblages in the Mgazana Estuary, 
were more reflective of ecoclinal than ecotonal variation on a whole-system scale.  A clear 
longitudinal succession of different assemblages was evident for both seasons.  Temperature, 
salinity and turbidity emerged as most important environmental factors influencing the spatial 
orientation of the zooplankton assemblages (Table 4.4).  Integrated salinity and integrated 
turbidity together explained 91% of the multivariate structure of summer zooplankton.  
However, further investigation into the available data revealed an inverse longitudinal trend 
between salinity and turbidity.  Turbidity increased sharply from Stations 2 (mean ± 1SD: 2.8 
± 3.9 NTU) to 3 (14.5 ± 6.6 NTU), while salinity decreased markedly from Stations 8 (25.0 ± 
7.1) to 9 (18.0 ± 6.3).  Both locations mark transitions between the three assemblages 
described for summer zooplankton.  Turbidity therefore acted as primary driver of high 
species turnover attributed to compositional changes in copepod species (βW = 0.64) between 
Stations 2 and 3, while salinity forced changes in species gradients of copepod species (βSIM = 
0.4) between Stations 8 and 9.  Winter multivariate patterns were best explained by the 
combined effects of stratification in temperature, integrated salinity and bottom turbidity.  
Upon further investigation it became clear that boundaries between assemblages once more 
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coincided with marked environmental variability.  The transition between WAI and WAII 
(Stations 2 to 3) coincided with a sharp increase in bottom turbidity (Δ = 10.1 NTU) forcing 
high species gradient changes on assemblage level (βSIM = 0.29).  The transition between 
WAII and WAIII assemblages (Stations 4 and 5) was coincidental with a marked decrease in 
temperature stratification (Δ = 0.3 ºC), while the transition between WAIII and WAIV 
(Stations 8 and 9) coincided with a considerable decrease in integrated salinity (Δ = 4.4) and 
sharp increases in both bottom turbidity (Δ = 3.7 NTU) and temperature stratification (Δ = 
0.4 ºC).  Temperature stratification, integrated salinity and bottom turbidity to various extents 
forced considerable compositional changes of Copepoda coinciding with WAII-WAIII (βW = 
0.57) and changes in species gradients of Copepoda coinciding with WAIII-WAIV (βSIM = 
0.28) assemblage boundaries.   
 
These data provide some evidence for gradient independent ecoclinal variation.  No evidence 
could be found of assemblage successions being mediated by gradual changes in single 
variables senso stricto.  Ecoclinal variation rather seemed to be a function of the combined 
effects of multiple variables limiting species ranges at different locations within the estuary.  
Working on the macrobenthos of the Thames Estuary (United Kingdom), Attrill and Rundle 
(2002) described the distribution ranges of assemblages as fitting a two-way ecocline model.  
Assemblage successions followed two opposing environmental gradients, respectively 
emanating from the marine and freshwater termini towards the middle estuary.  Greenwood 
(2007) arrived at the same conclusion through a study on the nekton assemblages from two 
Florida Bay estuaries.  At community level the phytoplankton from the Suwanee Estuary 
(Gulf of Mexico) portrayed classic ecoclinal variation along a prominent salinity gradient, 
while the distribution of some taxa were better fitted to the ecotonal model (Quinlan and 
Phlips 2007).  An ecotone-ecocline model was described for the zooplankton of the Charente 
Estuary (France) on the basis that the overall succession of assemblages matched typical 
ecoclinal variation along the salinity gradient, upstream of which the maximum turbidity 
zone (MTZ) was identified as the principal barrier limiting species distributions (Modéran et 
al. 2010).  The MTZ was thought to represent a typical ecotone as it limited the downstream 
range of freshwater species at the upstream end of the salinity gradient.   
 
Moreover, an inter-seasonal spatial shift in assemblages seemed to occur (Fig. 4.9ci, cii), 
which implies forcing of a secondary environmental variable.  From summer (Fig. 4.9a) to 
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winter (Fig. 4.9b), the spatial extent of the mixed assemblage (SAI) shifted from Stations 1 
and 2 to Stations 3 and 4 (WAII) in winter (Fig. 4.9ci).  The distribution range of the 
euryhaline/merozooplankton assemblage (SAII) was reduced from Stations 3 to 8 in summer 
to Stations 5 to 8 in winter (Fig. 4.9cii).  By distribution, the euryhaline/bentho-pelagic 
assemblage ranged from Station 9 to 10 and remained unchanged between seasons.  It 
appears as if winter conditions were more conducive for upstream penetration of stenohaline 
and steno-euryhaline assemblages, which may explain why the seaward limit of the 
euryhaline assemblage was also forced further upstream.  A species rich neritic assemblage 
(WAI) being present near the mouth in winter but not summer, provides further support for 
this hypothesis.   
 
 
 
Figure 4.9: Schematic illustration of seasonal variation in the spatial orientation of 
zooplankton assemblages along the main channel of the Mgazana Estuary.  Numbers 
represent sampling stations and squares the delineation of assemblage ranges.  Vertical 
arrows mark assemblage boundaries, i.e. areas of transition between adjacent assemblages. 
 
 
Currently the properties of the secondary driver mediating inter-seasonal shifts in assemblage 
ranges are currently not known, although it is likely to be seasonal variation in water 
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temperature combined with reduced freshwater inputs linked to seasonal rainfall.  The area 
experiences winter minima in precipitation, which would translate into even less freshwater 
reaching the estuary from the catchment.  Less freshwater may amplify the extent of saline 
water intrusion up the estuary, contracting the spatial footprint of the mixohaline region of 
the estuary.  Such conditions may render the lower estuary more conducive for neritic 
species, explaining their increased upstream range from Stations 2 in summer to Stations 4 in 
winter.  It is unlikely for species such as Acartiella natalensis, Pseudodiaptomus hessei and 
Mesopodopsis africana to be affected by increased salinity in the same way, considering their 
eurytopic nature (cf. Wooldridge 1999, Carrasco and Perissinotto 2011b).  This may explain 
why the upper boundaries and relative compositional characteristics of the upper estuary 
assemblages portrayed little variation between seasons.   
 
Few studies have attempted to define the spatio-temporal dynamics of biological assemblages 
in context to the theoretical framework of ecological boundaries (Attrill and Rundle 2002, 
Greenwood 2007, Quinlan and Philps 2007, Modéran et al. 2010).  As several models have 
been proposed, only a few generalisations can be made from these studies.  However, the 
consensual view seems to be that ecoclinal rather than ecotonal variation should be 
considered as the appropriate model, especially for estuaries showing well-defined 
environmental gradation.  The model presented in the present study does not senso stricto 
comply with the ecotone concept, as was initially hypothesised.  Spatial dynamics of 
zooplankton assemblages resembled typical ecoclinal variation despite poor gradation being 
evident in the hydrology.  Transitions between assemblages were associated with marked 
changes in one or more environmental variables, which imply ecotonal variation.  
Furthermore, a spatial alternation in assemblage drivers seemed to emerge, with turbidity 
being the most important between the lower transitional groups (SAI-SAII; WAI-WAII), and 
salinity between those of the upper two assemblages (SAII-SAIII; WAIII-WAIV) . It is 
therefore concluded that the spatial dynamics of zooplankton in the Mgazana Estuary 
portrayed both ecoclinal and ecotonal properties, evident at different spatial scales.  Ecoclines 
in this context could be defined on whole-system scales, while ecotones associated with 
smaller spatial scales marking the transitions between assemblages.   
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Chapter 5 
River flooding and inter-annual variability of mesozooplankton 
assemblages in the Mgazana River Estuary 
 
5.1 Introduction 
Understanding the link between meteorological processes and temporal dynamics of estuarine 
zooplankton forms the focus of numerous studies in Europe (David et al. 2005, Marques et 
al. 2007, Primo et al. 2009), North America (Elliott and Kaufmann 2007, Farrell et al. 2010), 
Southern America (da Costa et al. 2008, Costa et al 2009, Magalhães et al. 2009), Asia (Dalal 
and Goswami 2001, Islam et al. 2006, Madhu et al. 2007) and Australia (Duggan et al. 2008).  
Most of these studies report on seasonal trends inferred from a monthly to bi-monthly 
sampling framework (e.g. da Costa et al. 2008) and year-to-year trends from time series 
spanning decades (e.g. Roemmich and McGowan 1995).  With regard to the latter, there 
appears to be two main reasons for inspecting long-term biological and physical time series.  
The first objective is to characterise normal year-to-year trends of variation so that 
generalities can be established regarding long-term variation.  This variability then provides 
the foundation against which the influence of unusual events can be monitored.  Terminology 
for data anomalies of this kind varies in the literature; but here the term ‘unusual’ is used to 
describe marked variation from normal inter-annual trend of variability (cf. Allen et al. 1997).   
 
In theory, communities sampled year-to-year under the same meteorological conditions and 
at the same time of the year (e.g. during summer, monsoon season, or dry season), should 
provide (although not always, e.g. Dias and Bonecker 2008) a high degree of similarity 
between results (e.g. high-latitude temperate estuaries, Laprise and Dodson 1994), with slight 
variation in composition and abundance associating with natural fluctuations in known 
physical and biological predictor variables.  Unusual events induced by natural phenomena 
(e.g. Stephens et al. 1998, Behrenfeld et al. 2006) or anthropogenic activities (Warwick et al. 
2002), can thus be identified as deviations from the ‘normal’ year-to-year trend (Allen et al. 
1997).  A number of studies demonstrate the value this capability provides, particularly when 
processes related to the influence of climate change are addressed (Roemmich and McGowan 
1995, Hughes 2000, Beaugrand et al. 2002, Edwards and Richardson 2004, Richardson and 
Schoeman 2004, Behrenfeld et al. 2006, McGregor et al. 2007, Rouault et al. 2010).  
However, our ability to deduce such information is highly dependent upon the magnitude and 
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quality of the time-series (cf. Allen et al. 1997).  The importance of appropriate selection 
criteria of the response-regressor variables is also widely stressed (e.g. Heyen et al. 1998, 
Doney 2006).   
 
Zooplankton is widely regarded as a useful indicator of environmental change as they are 
short-lived, non-exploited, of great ecological significance (e.g. important trophic link) and 
highly responsive to climate and anthropogenic induced environmental changes (Beaugrand 
et al. 2000, Beaugrand et al. 2002, Taylor et al. 2002).  Of equal significance are estuaries, as 
they are regarded as suitable natural laboratories subject to environmental variability directly 
linked to metereological processes (e.g. salinity and rainfall) and particularly vulnerable to 
anthropogenic pressures (Vitousek et al. 1997).  Using time series analysis, the impacts on 
estuarine zooplankton by point source pollution (Dias et al. 2008), eutrophication (Kemp et 
al. 2005) and extreme meteorological events (Margues et al. 2005) have been demonstrated 
to great effect.   
 
Inter-annual variability of zooplankton in South African estuaries are poorly understood 
(Wooldridge 1999), owing mainly to lack of long-term data.  The present study forms part of 
the Transkei Estuaries Programme (TEP), which involves bi-annual sampling of, inter alia, 
zooplankton in several estuaries from the north-eastern coast of the Eastern Cape Province, 
making it particularly suitable for this type of investigation.  The Mgazana Estuary is 
geographically located towards the northern limit of the geographical extent of the long-term 
monitoring programme, which represents an area of transition between the subtropical Natal 
province to the north and the warm temperate Agulhas region to the south (Sink et al. 2005, 
Griffiths et al. 2010).  Estuaries in biogeographical transition zones are particularly 
vulnerable to the effects of predicted climate change (James et al. 2008), which includes 
increased incidence of episodic events like rainfall induced flooding (Mason et al. 1999)  
Gaining a better understanding of the long-term dynamics of zooplankton in the Mgazana 
Estuary is therefore highly relevant.   
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In light of these views, the present study was specifically aimed at addressing the following 
hypotheses:  
1. the Mgazana is particularly prone to flooding as runoff is quickly directed from its small 
but steep catchment towards the river following heavy rainfall (Van Niekerk and 
Huizinga 2007) 
2. flooding has a major influence on the zooplankton of the Mgazana Estuary, particularly 
in terms of abundance as species are lost through entrainment (Louw 2007).   
 
Van Niekerk and Huizinga (2007) derived their hypothesis via a synthesis of extrapolated 
flow data from the adjacent Mgazi Estuary (no flow data currently exists for the Mgazana 
Estuary).  The frequency and duration of flooding in the Mgazana Estuary currently remains 
unknown.  With the exception of two occasions, viz. January 2005 and August 2006, direct 
observations of flooding could not be made in the present study owing to the remoteness of 
the study site and course periodicity of biological sampling.  Instead, a method adapted from 
an earlier study (Deyzel 2004) was used to enable remote-based monitoring of floods using as 
proxy, unusual variations in water temperature, linked to high rainfall.  The objective was to 
discern how frequently flooding occurred during the observation period and for how long the 
flood signal lasted on each occasion.   
 
The hypothesis put forward by Louw (2007) resulted from preliminary observations during a 
short-term study on the seasonal dynamics of zooplankton of the Mgazana Estuary.  It was 
therefore impossible to draw any conclusions on the inter-annual dynamics of zooplankton or 
the influence an unusual event such as flooding might impose.  Nonetheless, many questions 
arise from these preliminary results.  How consistent are spatial trends between years?  What 
are the major sources of variation between years?  Assuming floods occur frequently, do they 
qualify as major sources of variation in zooplankton composition and abundance?  If so, are 
all assemblages equally affected by such events?   
 
By addressing these questions, the present study provides much needed insights into the inter-
annual variability of zooplankton and the role of episodic events such as rainfall induced 
flooding.  The data set was too limiting (2002-2006) to draw strong inferences on controlling 
factors, although the influence of extreme meteorological events was expected to be 
significant.  This study employed second-stage multivariate statistical techniques, which is 
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envisaged to become an important analytical tool for the future of the TEP as data series are 
continually populated.  The present study therefore provides an unique opportunity to assess 
the usefulness of these analytical tools to discern year-to-year trends at community 
resolution, particularly in relation to the effects of episodic events. 
 
5.2 Materials and Methods 
5.2.1 Data collection 
Monitoring flooding events using temperature anomalies as proxy 
Deyzel (2004) in an earlier study used temperature sensor data loggers (HOBO H8 sensors, 
Onset Computer Corporation) to record variation in continuously logged temperature values 
in relation to tidal ebb and flow at four locations in the Mgazana Estuary.  Each unit 
comprised of a battery-pack and memory component housed in a waterproof PVC chamber.  
Sensors were deployed five days at a time, recording temperature each hour.  On one 
particular occasion, a flooding event coincided with a field visit and it was possible to 
document estuarine water temperature responses during this episode.  The results revealed 
that normal tidal fluctuations could be distinguished from the response signal as the break in 
the tidal oscillations was abrupt, marked by a steady, sequential decrease in temperature from 
the upper to lower estuary (refer to Wooldridge and Deyzel 2012).  Depending on season, 
temperature curves followed a sequential decreasing or increasing trend in response to 
increased flows of freshwater. 
 
Using the above mentioned flood-temperature patterns as a proxy for flooding events, an 
attempt was made to document the incidence of floods over six months using the hourly 
measured HOBO temperature data.  Temperature data were coupled to rainfall data for the 
Port St Johns area (nearest monitoring station, ca. 20 km north-east of study site) and was 
obtained from the South African Weather Services (see Chapter 2, Section 2.3).  Deployment 
locations of HOBO recorders were situated in the lower estuary near Station 1 (Location P1, 
Fig. 5.1) and in the upper estuary near Station 9 (Location P2, Fig. 5.1).  Suitable sites for 
deployment of sensors were not available upstream of Location P2.  At each location, sensors 
were positioned in the water column, approximately 0.5 m above the bottom and were set to 
record temperature every hour.  HOBO sensors were deployed during the morning hours of 
the 5
th
 February 2006 and retrieved on the eve of 19
th
 August 2006.   
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Zooplankton sampling 
The present study synthesized information from the same zooplankton data series described 
in Chapter 4.  Sampling methodology used will therefore not be replicated here (see Section 
4.2.1, Chapter 4).  In the long-term, zooplankton is sampled from fourteen stations in the 
Mgazana Estuary (see Fig. 2.1, Table 2.1, Chapter 2).   
 
 
 
Figure 5.1: Map of the Mgazana Estuary showing the locations of 12 stations where 
zooplankton was collected during austral summer and winter months from 2002 to 2006.  
Stations 1 to 10 are located along main channel, while Station C1 and C2 represented the 
upper reaches of either creek.  Also shown are two locations where HOBO temperature 
loggers were deployed between 5
th
 February to 19
th
 August 2006 (Locations P1 and P2). 
 
 
The present study involves an analytical framework that includes the ten main channels 
stations referred to  in Chapter 4 with the addition of two further sites,, each situated in the 
upper reaches of the two creeks (Creek 1: Station 1B; Creek 2: Station 2B, Fig. 5.1).  For this 
study, Station 1B was referred to as Station C1 (Creek 1) and Station 2B as C2 (Creek 2).   
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5.2.2 Laboratory procedures 
The present study synthesized information from the same zooplankton data series described 
in Chapter 4.  Laboratory methods regarding counts and identification of zooplankton species 
are described in Section 4.2.2, while further discussion on species identification and 
taxonomy related information can be found in Appendix 2.  An additional quantification 
component not yet introduced involved partitioned counts of the euryhaline Calanoida 
Pseudodiaptomus hessei.  Following the strategy employed by Wooldridge and Bailey 
(1982), P. hessei were classified and counted to four categories, based on sex and 
developmental status (diagnostic descriptions obtained from: Grindley 1963, Bradford-Grieve 
et al. 1999): 
1. Adult Males 
2. Adult Females: ovigerous (egg bearing)  
3. Adult Females: non-ovigerous (no eggs visible along urosomal length) 
4. Copepodids: all sub-adults, males and females  
 
Numbers of naupliar stages were most likely underestimated given the size of mesh used in 
the present study (200 μm aperture).  Those encountered in samples were therefore omitted 
from the analysis presented here.  Counts were quantified to the number of individuals per 
cubic metre of water (ind.m
-3
) using Eqs. 4.1, 4.2, 4.3 (Sections 4.2.1, 4.2.2, Chapter 4).   
 
5.2.3 Data analysis 
Continuous temperature and rainfall data 
HOBO sensor data collected from 5 February to 19 August 2006 represented nearly seven 
months and comprised 4 692 temperature observations.  Mean daily temperature data were 
compared to daily rainfall data recorded for the area over the same period.  The objective was 
to identify specific periods showing anomalous temperature variations associated with heavy 
rainfall.  Events were qualified in two ways: 1) a Holistic Signal Anomaly represented 
substantial variations in upper and lower temperatures where deviations off the usual tidal-
driven trend occurred in synchrony (ΔT ~ 0); 2) a Partial Signal Anomaly represented 
variations that were considered as substantial but limited to the upper estuary only.  The latter 
category implied polarized responses in temperature, i.e. temperature values in the lower 
estuary are unlikely to show strong responses compared to the temperature in the upper 
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estuary near the freshwater inflow point.  With respect to ΔT, larger deviations off zero were 
expected for Partial Signal Anomalies.  ΔT was here calculated as: 
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where ∑      
 
    was the sum of the temperature values recorded in the lower estuary, 
Location P1; ∑      
 
    the sum of the temperature values recorded in the upper estuary, 
Location P2; n the number of observations.  The obvious challenge here was to disentangle 
ΔT variations brought about by factors other than rainfall from those implicating responses to 
rainfall induced flooding.  Careful considerations of this limitation were made when data 
were interpreted in that signal events were jointly inspected with ΔT trends leading up to and 
following such events.  All calculations were performed in EXCEL and graphical 
representations were made in SIGMAPLOT 12. 
 
Multivariate analysis of inter-annual variation in assemblage structure 
Several statistical protocols from the multivariate package were employed in the present 
study to address specific hypotheses addressing the manner  in which flooding events may or 
may not influence the normal inter-annual variability pattern expected for the summer and 
winter zooplankton of the Mgazana Estuary.  Given the strong pattern in which spatial 
patterns of summer and winter assemblages were defined between sampling years 2002 and 
2006 (Chapter 4), an analytical framework involving straightforward between-year 
comparisons (i.e. main effect as years) of assemblage similarities/dissimilarities was not 
considered.  Retaining the relative importance of between-year changes of internal spatial 
gradients was considered a much improved alternative as this approach ensured the main 
effects component was removed, i.e. station similarities within year was not shaded by station 
similarities between years (Clarke et al. 2006).  Furthermore, a first-stage non-metric 
multidimensional scaling plot (MDS) generated from a year-averaged species abundance 
matrix is apparently very limited in its ability to reflect between-year changes in composition 
and more likely to reflect changes in abundance (Clarke et al. 2006).  Operationally, second-
stage MDS analysis involves multiple executions of correlations (e.g. Spearman type 
coefficients ρs) between similarity matrix pairs to form a single correlation matrix.  The 
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singular correlation matrix provided a platform from which a variety of multivariate analyses 
could be executed, including MDS ordination (Clarke et al. 2006).      
 
Second-stage MDS ordination analysis was applied to address the null hypothesis of no 
discernible departure of the flood-impacted assemblage from the visible inter-annual 
ordination pattern.  All multivariate analyses were based on species-level abundance data 
only.  Starting matrices consisted of 92 species by 60 samples (12 stations by 5 years) for 
summer and 108 species by 60 samples for winter.  Here ‘samples’ represent the species 
counts derived from pooling of the duplicate tow samples.  The original sample count was 
therefore equal to 120 per season.  Data were fourth-root transformed to reduce the effect of 
super abundant species (Clarke and Gorley 2006).  Resemblance matrices of Bray-Curtis 
similarities were generated for the full complement of data (raw format) before being 
subjected to second-stage correlation analysis.  Correlation analysis (outer factor: year; inner 
factor: station) resulted in a single correlation matrix of Spearman rank coefficients per 
season (-1 < ρs < 1, ρs = 0 indicating no relationship).  From these correlation matrices, 
second-stage MDS plots were generated (Bray-Curtis Similarity Index), where data points 
(each representing a sampling year) in close proximity were assumed to be highly similar in 
terms of internal spatial structure.  A time trajectory tracking the direction of time advances 
through the two-dimensional space was superimposed to enable assessments of the serial 
nature of change between years.  Sampling periods that followed heavy rainfall (to be 
identified in temperature responses study) were expected to appear as outliers within the two-
dimensional space, the connecting line clearly deviating off the preceding and/or following 
path of time trajectory.   
 
To ascertain whether statistically significant differences in assemblage structure existed 
between years, and between low and high rainfall years, a standard one-way ANOSIM test 
(Clarke and Green 1988) was performed with 999 permutations, significance set at α = 0.05.  
Species responsible for differences were further explored with the SIMPER procedure 
(Clarke 1993).   
 
Multivariate analysis of regional effects 
A primary objective of the present study was to investigate ways in which inter-annual 
variability in zooplankton assemblage structure was reflected in different parts of the estuary.  
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The question of interest here was whether the increased variability induced by flooding was 
manifested in all parts of the estuary.  It is hypothesized that certain assemblages will be 
affected more than others, and more so in terms of abundance than composition, which 
should be reflected in the two-dimensional ordination space as departed data points.  To do 
this, first-stage MDS plots (fourth-root transformed, Bray-Curtis Similarity Index) were 
generated for each station, so that the ordination of points presented a view of assemblage 
changes between sampling years.  From here, a second-stage correlation matrix (Spearman 
coefficients) was generated between every underlying similarity matrix.  The second-stage 
MDS plot generated from this correlation matrix portrayed the ordination of stations within 
the two-dimensional space, where points in close proximity indicated strong agreement in 
between-year variability, i.e. the assemblage structure they represent varied in a highly 
similar fashion between sampling years.  As it relates to the working hypothesis, stations 
equally impacted by flood-induced between-year variability, should appear in close proximity 
within the two-dimensional space. 
 
Inter-annual variability in univariate assemblage metrics with particular focus on regional 
effects 
The null hypothesis of no statistically significant difference in species richness/total density 
between sampling years was tested with the non-parametric Kruskal-Wallis ANOVA on 
ranks test (K-W ANOVA).  The non-parametric option was selected as data from both 
metrics did not comply with parametric assumptions, both in the raw and severely 
transformed formats (e.g. log10 transformation, Box and Cox 1982).  Departures from 
normality (Kolmogorov-Smirnov test with Lilliefors correction, all P < 0.050) and equal 
variances (Levene’s median test, most P < 0.050) could largely be ascribed to considerable 
within-group variance resulting from the inter-assemblage representativeness of samples 
(sample = station: n = 12 per k-group) composing each k-group (k-groups: k1 = sampling year 
2002, k2 = 2003… k5 = 2006) (see Section 4.3.2, Chapter 4).  The null hypothesis of no 
difference was rejected at the 95% confidence interval. 
 
Region-partitioned inter-annual variability of univariate measures were investigated by 
compartmentalizing the sampled area into estuary regions in a similar fashion as has been 
done for Chapter 3.  The Lower Estuary comprised Stations 1, 2 and 3, representing the first 
ca. 2.5 km of the main channel, measured from the sea.  The Middle Estuary comprised 
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Stations 4, 5, 6 and 7 (2.7 - 4.6 km), while Stations 8, 9 and 10 composed the Upper Estuary 
region.  Stations C1 and C2 were pooled to form the Upper Creeks group.  Particular focus 
was given to within year region differences.  Differences among regions were expected to be 
larger under low rainfall conditions, while the opposite effect was expected for high rainfall 
conditions.  The rationale behind this hypothesis was based on the fact that zooplankton 
assemblages (and their underlying descriptors) normally portray strong spatial patterning as 
was evidenced by the multivariate models constructed for both summer and winter 
assemblages in Chapter 4.   
 
Whole-system and region-partitioned differences in numbers of several developmental stages 
of the Calanoida Pseudodiaptomus hessei were also investigated.  Stage specific differences 
were of particular importance.  Marked variability between stages within year and stages 
between years were expected for low rainfall periods.  By contrast, all stages were expected 
to show markedly lower numbers following floods.  To test this hypothesis, statistical 
differences were sought between medians of stages of each year using the non-parametric 
one-way Kruskal-Wallis ANOVA or ranks test (normality of all data: P < 0.050, equal 
variances of most data: P < 0.050).  This test could not be duplicated for the region specific 
data series as sample sizes were too limiting (e.g. Upper Creeks region: n = 2 per sampling 
year).   
 
5.3 Results 
5.3.1 Flooding  
From a data series spanning 4 692 observations of temperature, eight rainfall induced 
temperature anomalies were identified between February and August 2006 (Figs 5.2, 5.3, 
Table 5.1).  Three of these were Holistic Signals (HS), recorded between 20-24 February (HS 
I), 16-24 April (HS II) and 1-5 August (HS III).  Partial Signals (PS) signals were detected 
between 20-22 March (PS 1), 8-10 April (PS 2), 20-24 May (PS 3), 24-26 June (PS 4) and 
17-19 August (PS 5).   
 
Partial Signals were always characterized by a gradual reduction in temperature in the upper 
estuary (Fig. 5.3b-e, g).  The effect rarely lasted longer than 2 days (mean = 1.8 d) and did 
not seem to affect water temperatures in the lower estuary.  Partial responses on average 
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required a total of 48.2 mm of rainfall in five days (mean = 9.6 mm.d
-1
) to initiate moderate 
flows (Table 5.1).   
 
Holistic signals (Fig. 5.3a, c, g), by contrast, were associated with much higher rainfall (mean 
five-day total = 79 mm), at a frequency of at least 3.3 d within the five-day period prior to 
onset (Table 5.1).  The most significant holistic event recorded during the observation period 
occurred between 31 July and 5 August 2006 (HS III, Fig. 2.8).  This period also coincided 
with a routine zooplankton sampling field trip (Winter series 5: August 2006). 
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Figure 5.2: Continuous temperature recordings (b) in the upper (dark solid line) and lower 
(red solid line) regions of the Mgazana Estuary from February to August 2006 in relation to 
rainfall (green bars) measured for the same period.  Eight temperature anomalies are 
highlighted in relation to upper-lower region temperature differentials (a) of which three 
events affected the entire system (Hollistic Signal = HS I-III) and five events portrayed 
partial responses (Partial Signal = PS 1-5), i.e. response in upper estuary only.   
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Figure 5.3: Temperature variations in the lower 
and upper regions of the Mgazana River Estuary 
measured from February to August 2006, compared 
to rainfall records from the same period.  In total, 
eight rainfall associated temperature anomalies were 
evident.  Holistic Signals (whole system) associated 
with heavy rainfall are marked with blue bins (I-III), 
Partial Signals are marked with black arrows (1-5).
April
Date
4 8 12 16 20 24 28
R
ain
fall (m
m
)
0
10
20
30
40
50
60
T
em
p
er
at
u
re
 (
ºC
)
10
14
18
22
26
30
February
Date
4 8 12 16 20 24 28
R
ain
fall (m
m
)
0
10
20
30
40
50
60
T
em
p
er
at
u
re
 (
ºC
)
10
14
18
22
26
30
March
Date
4 8 12 16 20 24 28
R
ain
fall (m
m
)
0
10
20
30
40
50
60
T
em
p
er
at
u
re
 (
ºC
)
10
14
18
22
26
30
May
Date
4 8 12 16 20 24 28
R
ain
fall (m
m
)
0
10
20
30
40
50
60
T
em
p
er
at
u
re
 (
ºC
)
10
14
18
22
26
30
June
Date
4 8 12 16 20 24 28
R
ain
fall (m
m
)
0
10
20
30
40
50
60
T
em
p
er
at
u
re
 (
ºC
)
10
14
18
22
26
30
Rainfall
Temperature: Upper Region
Temperature: Lower Region
July
Date
4 8 12 16 20 24 28
R
ain
fall (m
m
)
0
10
20
30
40
50
60
T
em
p
er
at
u
re
 (
ºC
)
10
14
18
22
26
30
August
Date
4 8 12 16 20 24 28
R
ain
fall (m
m
)
0
10
20
30
40
50
60
T
em
p
er
at
u
re
 (
ºC
)
10
14
18
22
26
30
I
II
1 2
3
4
5
III
(a) (b) (c)
(d) (e) (f)
(g)
Holistic Signal
Partial Signal
Chapter 5 
106 
 
A considerable amount of rain fell continuously between the 31 July and 2 August (mean = 
18.5 mm.d
-1
; total = 93.0 mm, Table 2.2).  A visible gradual increase in runoff was observed 
leading up to the 2 August, after which the river came down in full flood (pers. obs.).  As 
expected, the onset of the full flood coincided with marked reductions in water temperatures 
from both the upper and lower regions (Fig. 5.4b).  The normal fluctuations in water level 
associated with tidal ebb and flows were also interrupted and appeared to be truncated during 
the flooded state (Fig. 5.4b).  On average (± 1SD), the water level within the estuary 
increased from 0.73 ± 0.3 m prior to the onset of the flood to 1.1 ± 0.2 m after onset (Fig. 
5.4a).  Temperature profiles reverted to normal fluctuations within three days after the onset 
of floods (Figs 5.2, 5.3). 
 
Table 5.1: Rainfall five days prior to the onset of eight temperature anomaly events 
identified in the continuous temperature records made from February to August 2006.  PS = 
Partial Signal, HS = Holistic Signal.  
 
 
 
 
 
Event Total Mean
Total rainfall 
days
PS 1 March 16 17 18 19 20
Rainfall (mm) 0 0 0 20 24 44 8.7 2
PS 2 April 4 5 6 7 8
Rainfall (mm) 0 0 0 0 48 48 9.6 1
PS 3 May 20 21 22 23 24
Rainfall (mm) 0 37 0 38 9 84 16.6 3
PS 4 June 21 22 23 24 25
Rainfall (mm) 0 8 0 0 30 38 7.6 2
PS 5 August 12 13 14 15 16
Rainfall (mm) 0 0 0 27 0 27 5.3 1
Mean 48.2 9.6 1.8
HS I February 18 19 20 21 22
Rainfall (mm) 0 7 0 46 12 65 12.9 3
HS II April 14 15 16 17 18
Rainfall (mm) 19 19 0 38 3 79 15.6 4
HS III July/August 31 1 2 3 4
Rainfall (mm) 39 39 15 0 0 93 18.5 3
Mean 79.0 15.7 3.3
Days prior to onset of event (date/rainfall)
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Figure 5.4: Holistic Signal III: Fluxes in water temperature in the lower and upper regions 
and tidal levels in the Mgazana Estuary (b) in relation to rainfall (a) between 31 July and 5 
August 2006.  Daily rainfall recorded during this period is plotted against mean tidal level 
calculated for each day (a).  Heavy rainfall had a marked effect on water temperature and 
level.  Reductions in temperature in the lower and upper estuary coincided with an increase in 
mean water levels.  The normal tidal rhythm was notably truncated over the two day period 
following heavy rainfall.  Surface level data obtained from Department of Water Affairs, 
Republic of South Africa (Monitoring Station T7T005, DWA). 
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Figure 5.5: Rainfall during two zooplankton sampling months: January 2005 and August 
2006.  Heavy falls the first three days of the month caused the Mgazana Estuary to flood.  
Actual dates on which zooplankton samples were collected are indicated by the vertical 
arrows to the right of the plot.   
 
 
The Holistic Signal observed in August 2006 was comparable to another flooding event 
recorded in January 2005.  Both events coincided with field collections of zooplankton 
samples that were analysed for the study.  In January 2005 rainfall totalled 269.5 mm (140 
mm on 2 January 2005), far exceeding the 27-year average for the month (148 mm, Chapter 
2).  In August 2006 rainfall totalled 133 mm, which was almost three-times more than the 27-
year average for the same month (56 mm).  On both occasions, considerable rain fell two 
days prior to the collection of zooplankton samples.  It is calculated that zooplankton 
sampling occurred 23 and 12 days after the onset of flooding in January 2005 and August 
2006 respectively (Fig. 5.5). 
 
By 27 January 2005, salinity profiles were clearly approaching normality as can be seen 
when compared to the average trend for summer (mean: 2002-2004, 2006, Fig. 5.6a).  The 
longitudinal profile for surface waters however, remained lower than expected for summer 
throughout the estuary, but particularly in the upper reaches.  At the point of sampling, the 
magnitude of freshwater flows expected to have occurred during flooding, were therefore 
considerably reduced, rendering much of the main channel saline.   
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Figure 5.6: Surface, bottom and integrated (all vertical measurements averaged per station) 
salinity measured on (a) 27 January 2005 (summer zooplankton sampling session 4) and (b) 
17 August 2006 (winter zooplankton sampling session 5) at Stations 1 to 10 along the main 
channel of the Mgazana Estuary.  These curves are compared to their season averaged 
equivalents (summer mean: 2002-2004, 2006, n = 4; winter mean: 2002-2005, n = 5) plotted 
in red.   
 
 
By contrast, salinity profiles for August 2006 suggest that the estuary was still in an early 
state of recovery from the flood earlier in the month (Fig. 5.6b).  Surface, bottom and 
integrated trends were far below expected winter values (mean: 2004-2005).  Support for 
both inferences emerges when integrated profiles for January 2005 and August 2006 are 
compared to a recovery model constructed from salinity data collected over an eight-day 
period following a flood in November 2005 (see Appendix 5).  The curvature of the 
integrated January 2005 trend resembled that of Day 5 while the August 2006 integrated 
curve could arguably provide a better fit linked to Day 1.  Similar flooding events were not 
recorded during any of the other zooplankton sampling months.  For this reason, the terms 
‘flooded states’ or ‘high rainfall year’ were applied arbitrarily when reference were made to 
the January 2005 and August 2006 zooplankton data series from this point forward. 
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Figure 5.7: Integrated salinity profiles of ten stations along the main channel of the Mgazana 
Estuary representing January 2005 (blue solid line) and August 2006 (red solid line) 
contrasted against integrated salinity profiles representing five sampling occasions over 
period of eight days following a major flood in November 2005 (solid black lines).  The 
January 2005 salinity profile appeared to be approaching the recovered state at the time 
zooplankton was sampled.  By contrast, the winter session was still in a state of flood.   
 
 
5.3.2 Inter-annual variation in assemblage structure 
Summer and winter data subjected to second-stage multivariate analysis demonstrate 
considerable inter-annual variability attributable to differences in within-year spatial 
structures (Fig. 5.8a, 5.9a).  ANOSIM results provided further support for this inference.  The 
null hypothesis of no year effects was rejected for both summer (R = 0.190, P = 0.001) and 
winter data (R = 0.145, P = 0.002).  Low levels of global R results reflected the marked 
dissimilarities between years shown in the second-stage MDS plots.  The spatial structure of 
winter assemblages was comparatively more stable from 2003 to 2004, and 2004 to 2005.  By 
contrast, a major shift in assemblage spatial structure occurred between 2005 and 2006.  
Summer assemblages also underwent substantial changes between 2004 and 2005, and again 
from 2005 to 2006.  The latter year was closely aligned with 2004, and within the two-
dimensional space, better aligned with the other years on a downward trajectory, top-left to 
bottom-right.   
 
From these data, it is inferred that the January 2005 and August 2006 assemblages were 
clearly different to other years in the time series.  In the preceding section, it was shown that 
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these months coincided with heavy rainfall which caused the estuary to flood, days before 
zooplankton sampling occurred.  By superimposing the relative density values of zooplankton 
taxa onto the second-stage MDS plots, the effect of flooding can be seen in the emerging 
patterns (Figs. 5.8b-f, 5.9b-f).  Between 2004 and 2006, summer data showed a marked 
increase towards 2005 in numbers of stenohaline species (Fig. 5.8b), while substantial 
reductions in the abundance of specifically Acartiella natalensis (Fig. 5.8e) and 
Pseudodiaptomus hessei (Fig. 5.8f) and euryhaline species (Fig. 5.8f) in general were also 
evident.  Responses in steno-euryhaline numbers by contrast showed no discernible trend 
(Fig. 5.8c).   Reduced numbers associating with the high rainfall month of August 2006, was 
also evident for steno-euryhaline (Fig. 5.9c) and euryhaline species (Fig. 5.9d), and very 
specifically for A. natalensis (Fig. 5.9e).  Pseudodiaptomus hessei populations appeared less 
impacted by floods in August 2006 compared to January 2005 (Fig. 5.9f).   
 
The way in which these assemblages differed from other years were also evident when 
species contributions to within-year similarities were compared.  Data showed marked 
reductions in the average similarity among stations in the flooded state amounting to 46% and 
33% in January 2005 and August 2006 respectively (Tables 5.2, 5.3).     
 
Within-year similarity percentages were otherwise consistent between years ranging from 
54% (2003) to 65% (2004) in summer and 38% (2003) and 44% (2005) in winter.  The 
number of summer species required to make up 90% of the cumulative within-group 
similarity was very consistent between years (Table 5.2).  For the period 2002 to 2004 and 
2006, four and five species were required respectively.  In 2005, this number increased to ten, 
which indicates a marked decrease in dominance among the numerically abundant taxa (Fig. 
5.10a).  Nonetheless, the relative numerical importance of the euryhaline species, 
Pseudodiaptomus hessei, Acartiella natalensis and Mesopodopsis africana remained 
consistent throughout the study period.  Their rank orders remained the same and with the 
exception of 2006, P. hessei consistently emerged as the indicator species, which could 
potentially be attributed to its consistency in spatial distribution and abundance between years 
(Table 5.2). The trend for winter was less consistent (Table 5.3).  Rank orders of the top three 
contributing species changed considerably between years.  Mesopodopsis africana was less 
important in winter and was ranked among the top three in 2002 only.   
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Figure 5.8: Second-stage MDS ordination plot showing the between-year variation in the 
underlying spatial structure of zooplankton assemblages sampled in summer 
(January/February) over a five-year period (2002-2006) in the Mgazana Estuary (a).  
Superimposed in (a) is the time trajectory indicating the temporal seriation between years.  
The 2005 sampling session (marked red) represents a flooded state, which clearly deviated 
off the expected seriation trajectory.  Also shown are superimposed relative abundances of 
stenohaline (b), steno-euryhaline (c) and euryhaline species (d), including the relative 
abundances of two top ranked Copepoda species, viz. Acartiella natalensis (e) and 
Pseudodiaptomus hessei (f).  Symbol sizes were scaled to actual density values, increasing in 
size with increasing values of density.  MDS stress < 0.01. 
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Figure 5.9: Second-stage MDS ordination plot showing the between-year variation in the 
underlying spatial structure of zooplankton assemblages sampled in winter (July/August) 
over a five-year period (2002-2006) in the Mgazana Estuary (a).  Superimposed in (a) is the 
time trajectory indicating the temporal seriation between years.  The 2006 sampling session 
(marked red) represents a flooded state, which was clearly separated from the other sampling 
years.  Also shown are superimposed relative abundances of stenohaline (b), steno-euryhaline 
(c) and euryhaline species (d), including the relative abundances of two top ranked Copepoda 
species, viz. Acartiella natalensis (e) and Pseudodiaptomus hessei (f).  Symbol sizes were 
scaled to actual density values, increasing in size with increasing values of density.  MDS 
stress < 0.01. 
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Table 5.2: Summer species contributions to within-year similarities and between-year dissimilarities.  Data were produced by the SIMPER 
routine and in the left column represent the average similarity (Ave. sim), the number of species required to amount 90% of the within-group 
similarity (spp. cont. 90%) and the top three contributing species (best indicator species in bold face).  On the right are presented the species 
qualifying as best discriminator (lowest variability in dissimilarity) between the years being compared and their corresponding contribution to 
total dissimilarity.  Data demonstrate the consistency in which three species in particular are contributing to within-year similarity.  Among these 
Pseudodiaptomus hessei emerged as the most important indicator species.  * = increase in density from year one to year two; ** = decrease. 
 
 
2002 Acartiella natalensis 38.2 vs. 2003 46.6 M. africana 9.2*
55% (4 spp.) Pseudodiaptomus hessei 73.6 vs. 2004 47.2 P. hessei 10.2**
Mesopodopsis africana 89.6 vs. 2005 65.3 Upogebia africana 35.7*
vs. 2006 48.9 A. natalensis 11.1**
2003 A. natalensis 37.4 vs. 2004 43 P. hessei 7.1**
54% (4 spp.) P. hessei 66.6 vs. 2005 63.8 U. africana 3.6*
M. africana 89.5 vs. 2006 47.6 P. hessei 5.8*
2004 A. natalensis 39.5 vs. 2005 56.8 M. africana 10.5**
65% (4 spp.) P. hessei 66.0 vs. 2006 43.4 P. hessei 7.4*
M. africana 87.3
2005 A. natalensis 32.1 vs. 2006 61.8 M. africana 9.6*
46% (10 spp.) P. hessei 48.9
M. africana 57.2
2006 A. natalensis 35.9
52% (5 spp.) P. hessei 63.7
M. africana 85.1
Discrimator 
species
Between-group
dissimilarity (%)
Cont. to 
dissim. (%)
Between-year dissimilarity
Year
Ave. sim (spp. cont. 90% )
Top 3 contributing
species
Cum. %
Within-year similarity
Comparison
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Table 5.3: Winter species contributions to within-year similarities and between-year dissimilarities.  Data were produced by the SIMPER routine and in the 
left column represent the average similarity (Ave. sim), the number of species required to amount 90% of the within-group similarity (spp. cont. 90%) and the 
top three contributing species (best indicator species in bold face), while on the right are presented the species qualifying as best discriminator (low variability 
in dissimilarity shown) between years being compared and their corresponding contribution to total dissimilarity.  Compared to summer, Pseudodiaptomus 
hessei showed less year-to-year spatial consistency.  Between-year dissimilarities were on average higher compared to summer indicating considerable inter-
annual variability in composition.  * = increase in density from year one to year two; ** = decrease. 
 
 
2002 Pseudodiaptomus hessei 36.1 vs. 2003 63.5 Temora turbinata 3.4*
39% (9 spp.) Acartiella natalensis 63.5 vs. 2004 67.5 Upogebia africana 8.7*
Mesopodopsis africana 74.7 vs. 2005 69.0 Euterpina acutifrons 4.5*
vs. 2006 70.7 E. acutifrons 3.5*
2003 P. hessei 35.9 vs. 2004 64.8 U. africana 7.5*
38% (15 spp.) A. natalensis 58.5 vs. 2005 65.8 Oithona brevicornis 4.8*
T. turbinata 64.6 vs. 2006 68.7 O. brevicornis 2.3*
2004 A. natalensis 27.4 vs. 2005 61.3 O. brevicornis 4.6*
44% (9 spp.) P. hessei 54.3 vs. 2006 68.1 U. africana 7.9**
U. africana 73.9
2005 P. hessei 24.3 vs. 2006 68.0 U. africana 3.4**
42% (11 spp.) O. brevicornis 37.2
A. natalensis 50.1
2006 P. hessei 45.4
33% (12 spp.) A. natalensis 56.1
E. acutifrons 65.1
Within-year similarity Between-year dissimilarity
Year
Ave. sim (spp. cont. 90% )
Top 3 contributing
species
Cum. % Comparison Between-group
dissimilarity (%)
Discrimator 
species
Cont. to
dissim. (%)
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Figure 5.10: Inter-annual (2002-2006) comparison of k-dominance curves constructed for 
summer (a) and winter (b) zooplankton respectively.  Years representative of high rainfall 
occasions (Plot a: January 2005; Plot b: August 2006, coloured red) are contrasted against 
other years (coloured black) to discern whether marked differences between dominance 
profiles occurred.  Dominance was visibly reduced in January 2005, while August 2006 
showed no effect.   
 
 
Pseudodiaptomus hessei and Acartiella natalensis remained important but also shifted rank 
with no obvious consistency.  Among the top ranks were the steno-euryhaline Copepoda 
Temora turbinata (ranked 3
rd
 2003), Oithona brevicornis (ranked 2
nd
 2005) and Euterpina 
acutifrons (ranked 3
rd
 2006), as well as first stage larvae of the Upogebia africana (ranked 3
rd
 
2004).  The number of species required to attain 90% of the within-group similarity was on 
average higher (range: 9-15 species) compared to summer.  Low variation in these values 
between years was well reflected in the equally small variation among dominance curves of 
winter data plotted against species ranks (Fig. 5.10b).   
 
Inter-annual variability compared between stations revealed different trends for summer and 
winter data (Figs. 5.11, 512).  First-stage MDS plots showed the way in which assemblages 
representative of the high rainfall month of January 2005, in most instances seperated from 
other years.  This was particularly evident for Stations 2 to 9 and C1, all of which marked a 
clear shift in assemblage structure from 2004 to 2005 and 2005 to 2006 (Fig. 5.11b-i, k).  
Stations 1, C2 and 10 by contrast, showed no effect.  Second-stage analysis showed a 60% 
agreement between Stations 1 and C2, while the inter-annual variability at Station 10 only 
shared 11% similarity with other parts of the estuary (Fig. 5.11m).  The variability between 
years other than 2005 appeared to follow a decreasing trend in an upstream direction reaching 
maximum similarity at Station 9.   
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Figure 5.11: (a) First-stage MDS ordination plots of station specific (station labels in grey blocks)
step-wise changes (superimposed trajectory marks direction) in assemblage structure of summer
zooplankton from 2002 (open triangle) to 2006 (open circle) in the Mgazana Estuary. Solid red circle
marks the high rainfall sampling month January 2005. (b) Second-stage MDS plot illustrating station
ordinations based on Spearman rank coefficients (ρs) calculated from the twelve underlying triangular
similarity matrices composing each of the station first-stage MDS plots shown in (a). Assemblages
from Stations 2 to 9, and C1 varied between years in a highly similar fashion (ρs = 0.73, red circle), as
did Stations 1 and C2 (ρs = 0.60, blue circle). Station 10 was clearly an outlier, sharing only 11%
commonality with the other stations in terms of inter-annual variability.
(a-l) MDS stress < 0.01, (m) MDS stress = 0.01.
Chapter 5 
118 
 
 
2D Stress: 0 2D Stress: 0 2D Stress: 0 2D Stress: 0
2D Stress: 02D Stress: 0 2D Stress: 0 2D Stress: 0
2D Stress: 0 2D Stress: 0 2D Stress: 0 2D Stress: 0
1
2
3
4
5
6
7
8
9
10
C1
C2
2D Stress: 0.12
(a) (b) (c) (d)
(e) (f) (g) (h)
(i)
(j)
(k) (l)
(m)
1 2 3 4
5 6 7 8
9
10 C1
C2
2002
2006
2Stage MDS: Inter-matrix
ρs = 0.68
0.84
Figure 5.12: (a) First-stage MDS ordination plots of station specific (station labels in grey blocks)
step-wise changes (superimposed trajectory marks direction) in assemblage structure of winter
zooplankton from 2002 (open triangle) to 2006 (solid red diamond) in the Mgazana Estuary. Solid
red diamond marks the high rainfall sampling month August 2006. (b) Second-stage MDS plot
illustrating station ordinations based on Spearman rank coefficients (ρs) calculated from the twelve
underlying triangular similarity matrices composing each of the station first-stage MDS plots shown
in (a). The winter pattern of station specific inter-annual variability was highly variable. Second-
stage MDS plot reflects the similarity (ρs = 0.68, red circle) in which Stations 1, 8-10 reflected shifts
in assemblage structure from 2005 to 2006. Similarly, Stations 4, C1 and C2 showed high level of
correlation (ρs = 0.84, blue circle) in terms of inter-annual variability.
(a-l) MDS stress < 0.01, (m) MDS stress = 0.12.
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Spatial patterns of inter-annual variability were less evident for winter data (Fig. 5.12).  
August 2006 being the high rainfall year, appeared to marginally separate from other years at 
Station 4, C1 and C2, for which a high level of agreement were shown (ρs = 0.84, Fig. 
5.12m).  With Station 2 added to this group the correlation coefficient was reduced from 0.84 
to 0.4.  The effect of high rainfall was also evident at Stations 7 to 10 as changes in 
assemblages from 2005 to 2006 increased drastically towards the upper estuary.  Stations 1, 
8, 9 and 10 showed 68% correlation, indicating considerable similarity in the way 
assemblages changed year to year.  By contrast, Stations 3, 5 and 6 appeared as genuine 
outliers within the second-stage MDS plot in that they shared no similarity with any other 
station within the estuary with regards to inter-annual variability (Fig. 5.12c, e, f, m).   
 
5.3.3 Inter-annual variability in species richness and abundance 
The average (mean of all stations ± 1SD) species richness of summer zooplankton ranged 
from 8.8 ± 5.1 species in 2004 to 14.7 ± 4.5 species in 2005, with no appreciable variation 
between years (K-W ANOVA: H = 8.695, df = 4, P = 0.069) (Fig. 5.13a).  In all years but 
2005, species richness showed a bell-shaped spatial trend of change, always being maximal 
in the lower estuary, minimal in the middle estuary, with a marginal increase towards the 
upper estuary (Fig. 5.13b).  Species richness for the creeks (C1 and C2) was ranked second 
highest in every year sampled and appeared to reflect intermediary species richness between 
the lower and upper main channel regions (Fig. 5.13b).  Even though this trend seemed to be 
a consistent feature year by year, by comparison, 2005 data portrayed a marginally different 
spatial pattern.  There was a steady decrease in species richness evident from the lower to the 
upper region.  The characteristic increase in species richness from the middle to the upper 
region was absent in 2005.  Regional values compared across years clearly show that in 2005 
the number of species was elevated in all regions of the estuary, creeks excluded (Fig. 5.13b).  
For example, the average (± 1SD) species richness for the middle region calculated for the 
years 2002-2004 and 2006 was equal to 5.2 ± 1.4 species, which was much lower than the 
corresponding number (13.5 ± 2.9 species) recorded for 2005.   
 
In contrast to species richness, significant inter-annual variation was evident for the total 
density of summer zooplankton (H = 19.230, df = 4, P < 0.001) (Fig. 5.13a).  On average 
(mean of all stations ± 1SD) total density ranged from 3 074.6 ± 1 687.1 ind.m
-3
 in 2005 to 
40 905.0 ± 33 648.4 ind.m
-3
 in 2002.    
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Figure 5.13: Whole-system (a, c) and region partitioned (b, d) inter-annual variability in 
species richness (a, b) and total density (c, d) of summer zooplankton sampled at 12 stations 
in the Mgazana Estuary, 2002 to 2006.  The high rainfall sampling month of January 2005 is 
shown in red (a, c).  Data reflects means and positive standard deviations where the sample 
size equaled the number of stations composing each category.  Species richness varied 
according to no particular pattern although the total number of species seemed to be elevated 
in 2005, especially in the lower and middle regions.  Total density was visibly reduced to 
very low numbers in 2005, across all regions of the estuary.   
 
 
The total density of sampling year 2005 was clearly far below the corresponding numbers of 
other years in the data series.  As was the case with species richness, spatially, total density 
showed a consistent trend of variation from the lower to the upper region, with a marked 
increase from the lower to the middle followed by decreasing numbers towards the upper 
region (Fig. 5.13b).  In 2005, numbers were noticeably repressed in all areas of the estuary.   
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Figure 5.14: Whole-system (a, c) and region partitioned (b, d) inter-annual variability in 
species richness (a, b) and total density (c, d) of winter zooplankton sampled at 12 stations in 
the Mgazana Estuary, 2002 to 2006.  The high rainfall sampling month of August 2006 is 
shown in red (a, c).  Data reflects means and positive standard deviations where the sample 
size equaled the number of stations composing each category.  As was the case for summer, 
species richness of the winter zooplankton also varied with no discernible pattern although a 
strong longitudinal trend of decreasing numbers in an upstream direction was evident.  Total 
density of winter zooplankton was once more visibly reduced to much lower numbers in the 
high rainfall sampling month of August 2006, particularly in the middle and upper regions.   
 
 
Total density of zooplankton from the upper regions of the creeks were for the most part 
comparable with that of the lower region, 2002 being the only exception (lower region: 
10 880.2 ± 7 960.3 ind.m
-3
; Upper creeks: 22 105.4 ± 24 494.0 ind.m
-3
).  Mean (all stations 
per year) species richness (SR) and total density (N) of winter zooplankton exhibited no 
significant differences between years (SR: H = 2.318, df = 4, P = 0.678; N: 7.009, df = 4, P = 
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0.135) (Fig. 5.14a, c).  On average (mean of all stations ± 1SD) species richness ranged from 
11.8 ± 8.8 species in 2002 to 17.2 ± 15.5 species in 2004 (Fig. 5.14a).  In the main channel, 
species richness followed a consistent trend of decreasing values from the lower to the upper 
reaches (Fig. 5.14b).  By comparison, values from the upper creeks were more variable 
between years, following no discernible trend (Fig. 5.14b).   
 
Although not significant, considerable inter-annual differences in total density was evident 
(Fig. 5.14c, d).  Total density for the high rainfall sampling month of August 2006 (mean ± 
1SD = 5 576.7 ± 5 628.6 ind.m
-3
) was considerably lower compared to other years (2002-
2005 mean ± 1SD = 17 024.0 ± 16 545.1 ind.m
-3
) (Fig. 5.14c).  With the exception of 2002 
and 2006, total density followed a consistent trend of increasing numbers from the lower to 
the upper region (Fig. 5.14d).  In both 2002 and 2006, total density peaked in the middle 
rather than the upper estuary.  In 2006, however, numbers were notably suppressed, 
especially in the upper region (399.4 ± 643.2 ind.m
-3
) but also the middle region (12 414.9 ± 
3 288.5 ind.m
-3
) (Fig. 5.14d).  Numbers recorded for the middle and upper regions in August 
2006 by comparison, respectively represented the lowest in the time series (Fig. 5.14d).   
 
5.3.4 Inter-annual variability and flood induced variation in Pseudodiaptomus hessei 
populations 
Summer populations of the euryhaline Copepoda Pseudodiaptomus hessei showed a 
consistent trend of inter-annual variability, not in numbers but in terms of the respective 
contributions from its proportioned constituents (Fig. 5.15).  Ranked by density, copepodids 
(mean ± 1SD = 2 736.4 ± 2 723.8 ind.m
-3
) superseded all categories considered for analysis 
in 2002 to 2004, followed by non-ovigerous females (837.2 ± 406.5 ind.m
-3
), males (996.4 ± 
603.4 ind.m
-3
), with ovigerous females ranked last (434.7 ± 146.7 ind.m
-3
) (Fig. 5.15e).  A 
similar pattern of consistent inter-annual variability was observed for winter populations, in 
particular for the years 2002-2004 and 2006 (Fig. 4.16e).  During the latter period, P. hessei 
populations was in a very consistent fashion, numerically dominated by copepodids (2 703.6 
± 764.1 ind.m
-3
), followed by non-ovigerous females (871.6 ± 269.5 ind.m
-3
), males (502.4 ± 
112.8 ind.m
-3
) and ranked last were ovigerous females (349.2 ± 155.6 ind.m
-3
).   
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Figure 5.15: Region specific (a-d) and whole-system (e) inter-annual variability in mean (± 
1SD) density of summer populations of the euryhaline Copepoda Pseudodiaptomus hessei, 
fractioned by sex and developmental status.  Red arrows indicate the high rainfall month of 
January 2005.  Note that the x-axes of Plots (a) and (b) are not matched with Plots (c-e).  
Proportionally, category densities varied little between years in all sectors with the exception 
of the lower estuary (a) and sampling years 2005 and 2006 (e).  Numbers of all categories 
were notably reduced in the high rainfall month of January 2005 throughout the estuary (a-e).   
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Figure 5.16: Region specific (a-d) and whole-system (e) inter-annual variability in mean (± 
1SD) density of winter populations of the euryhaline Copepoda Pseudodiaptomus hessei, 
fractioned by sex and developmental status.  Red arrows indicate the high rainfall month of 
August 2006.  Note that x-axes are not matched.  On average categories showed little 
variation proportionally from 2002 to 2004 (e).  In 2005, Adult Males were extremely 
abundant (e), particularly in the upper estuary (c).  In the upper estuary, density of all 
categories were reduced in the high rainfall month of August 2006, far below that of 
corresponding numbers from others years (c).   
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Table 5.4: One-way Kruskal-Wallis ANOVA on ranks test results for the null hypothesis of 
no significant differences in median density values of several population categories of the 
euryhaline Copepoda Pseudodiaptomus hessei, between various sets of sampling years, viz. 
summer set 1: 2002-2006; summer set 2: 2002-2004, 2006 (2005 excluded); winter set 1: 
2002-2006; winter set 2: 2002-2005 (2006 excluded).  Level of significance is also indicated 
where: *α = 0.05, **α = 0.01, ***α = 0.001, ns = not significant.  Interactions were highly 
significant with the high rainfall month of January 2005 included.  The effect was however 
not consistent when the high rainfall month of August 2006 was included to the winter test.   
 
 
 
 
In terms of numbers, Pseudodiaptomus hessei populations varied considerably between years, 
particularly from 2004 to 2005 (Fig. 5.15).  The marked reduction in numbers in 2005 
followed a gradient of intensity from the lower to the upper estuary, the species being 
virtually absent from Stations 9 and 10 during this time.  The density of all summer groups 
were reduced in 2005 (Fig. 5.15).  A non-parametric statistical comparison of the median 
density of each group compared between all years resulted in highly significant results (H-
range = 16.222-31.682, all P < 0.010), while the opposite was true when 2005 was removed 
from the analysis (H-range = 2.163-7.260, all P > 0.050), copepodids excluded (H = 16.695, 
df = 3, P < 0.001) (Table 5.4).  The same test performed on winter data showed no difference 
in the outcome, the high rainfall month of August 2006 included or not, all tests returned no 
significant differences in median density values at the 95% confidence interval (Table 5.4).  
In fact, compared to other years, higher numbers of adult males and ovigerous females were 
recorded in August 2006 (Fig. 5.16e).  By comparison numbers of non-ovigerous females and 
copepodids were ranked only third in the time series (Fig. 5.16e).  Compared between 
regions, numbers were most reduced in the upper estuary, while the corresponding values 
Variables
n H P Level n H P Level
Summer
Adult Males 4 16.222 0.003 ** 3 3.791 0.285 ns
Adult Females: ovigerous 4 19.136 <0.001 *** 3 2.163 0.106 ns
Adult Females: non-ovigerous 4 23.994 <0.001 *** 3 7.260 0.064 ns
Copepodids 4 31.682 <0.001 *** 3 16.695 <0.001 ***
Winter
Adult Males 4 4.753 0.314 ns 3 4.516 0.211 ns
Adult Females: ovigerous 4 5.814 0.213 ns 3 1.240 0.743 ns
Adult Females: non-ovigerous 4 2.280 0.684 ns 3 2.109 0.550 ns
Copepodids 4 2.061 0.725 ns 3 1.737 0.629 ns
2002-2006 2002-2004, 2006
2002-2006 2002-2005
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from the lower estuary reflected increased values and the middle values that were very 
similar to other years in the time series (Fig. 5.16a-c).  By contrast, creek populations showed 
very little variability between years (Fig. 5.16d).  These data prompted a further investigation 
into the distribution patterns of Pseudodiaptomus hessei populations, contrasting high and 
low rainfall sampling years (Figs 5.17, 5.18).   
 
For summer data, the difference was strikingly obvious (Fig. 5.17).  Populations sampled 
after the flooding event showed a polarized distribution pattern towards the lower and middle 
estuary (Fig. 5.17a).  Numbers decreased sharply upstream of Station 4 and was virtually 
absent from the upper estuary (Fig. 5.17a, c).  It was clear that the 2005 distribution pattern 
was far departed from the trends expected for summer populations (Fig. 5.17b).  Seasonally, 
summer populations normally aggregate most densely in the middle region of the Mgazana 
Estuary, adults peaking in numbers at Station 5 and copepodids at Station 7 (Fig. 5.17b).  
Station 2 being the exception, the numerical dominance of copepodids over adults was 
evident throughout the estuary in years other than 2005.  In 2005, copepodids were 
outnumbered by adults throughout the estuary, except for Station 1.  
 
Pseudodiaptomus hessei populations seemed less impacted by the flood that occurred days 
prior to collection in August 2006.  In terms of distribution however, a spatial shift in 
population centres seemed to have occurred, evidenced by the comparison of total density 
numbers between 2006 and average of the other years in the time series (Fig. 5.18c).  In 
2006, total density peaked at Station 5, while the seasonal trend showed a maximum density 
at Station 7 (Fig. 5.18c).  In both cases, the spatial trend was most influenced by the 
numerical contributions of copepodids (Fig. 5.18a, b).  Compared to the seasonal trend, adult 
numbers did not appear to exhibit the same spatial downstream shift that was evident for 
copepodids (Fig. 5.18a, b).   
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Figure 5.17: The spatial distribution of adult and copepodid stages of the euryhaline 
Copepoda Pseudodiaptomus hessei at 12 stations in the Mgazana Estuary, following heavy 
rainfall and flooding in January 2005 (a), contrasted against trends (mean: 2002-2004 and 
2006, n = 4) representative of the summer season (b).  Also shown is the total density of P. 
hessei populations at the same 12 stations (station labels indicated by black numerals) 
sampled in January 2005 compared to corresponding numbers representative of the summer 
season (c).  In each plot, density was modeled as a function of the distances of each station 
relative to the sea (km).  Note that x-axes are not matched.  The January 2005 distribution 
trend is clearly different from that of the seasonal pattern.  Not only were numbers notably 
reduced but population centres of all population categories appeared to be spatially displaced 
towards the lower estuary.   
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Figure 5.18: The spatial distribution of adult and copepodid stages of the euryhaline 
Copepoda Pseudodiaptomus hessei at 12 stations in the Mgazana Estuary, following heavy 
rainfall and flooding in August 2006 (a), contrasted against trends (mean: 2002-2005, n = 4) 
representative of the winter season (b).  Also shown is the total density of P. hessei 
populations at the same 12 stations (station labels indicated by black numerals) sampled in 
August 2006 compared to corresponding numbers representative of the winter season (c).  In 
each plot, density was modelled as a function of the distances of each station relative to the 
sea (km).  Note that the x-axis of Plot (c) is not matched with that of Plots (a) and (b).  In 
general, population numbers did not seem to vary much between the flooded and non-flooded 
states, although a downstream spatial displacement in population centres were evident, 
particularly those of copepodids (a)   
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4.4 Discussion 
The present investigation into rainfall linked responses to water temperatures in the Mgazana 
Estuary showed several major anomalies considered to represent flooding events.  Prior 
knowledge of variation in temperature at the lower and upper locations of the main channel 
allowed the identification of specific and unusual patterns of variation.  In Chapter 3 it was 
shown that in spite of weak spatial gradients, seasonally, longitudinal trends could be 
observed.  In summer, temperature follows a positive trend with distance from the sea, while 
the opposite was observed in winter.  This seasonal reversal of longitudinal trend was also 
observed in the present study (Fig. 5.2).  It was initially anticipated that the large differences 
normally observed between lower and upper region temperature values, would in effect 
approach unity as the estuary becomes more horizontally mixed with increased freshwater 
inflows.  It is concluded that significant freshwater flows induced by high catchment rainfall 
could efficiently be identified by way of matching periods of thermal synchrony with rainfall 
data collected during the same period.   
 
Of the eight temperature-rainfall events identified between January and August 2006, at least 
three indicated significant flows (Fig. 5.3).  The flooding event observed between 31 July and 
5 August was comparable to another flooding event observed early January 2005.  On both 
occasions considerable rain fell prior to onset with 93 mm falling from the 31 July to 2 
August 2006 (month total = 133 mm), and 171 mm falling on the 2-3 January 2005 (month 
total = 270 mm).  Signs of rainfall induced flushing were evident in the area on both 
occasions, with debris deposited  onto the vertical banks of the middle estuary and well above 
the normal spring high tide level on intertidal areas of the lower estuary (pers. observation).  
Data suggest that floods lasted between three to eight days, before the usual tidal cycling 
became re-established and salinity profiles returned to a state of euhalinity (Figs. 5.4, 5.7, 
Appendix 5).  These results were consistent with those obtained by Cooper et al. (1999), who 
emphasized the link between hinterland slope, and the duration and magnitude of discharge.  
Response times within the range reported in the present study is apparently characteristic of 
tidal dominated estuaries, which are typically more responsive to floods compared to river 
dominated estuaries (Cooper 2002).   
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Rainfall-linked freshwater flow is regarded as the most important factor mediating long-term 
variability in estuarine zooplankton (e.g. Primo et al. 2009).  In the highly turbid Charente 
Estuary, France, extremely high numbers of the euryhaline Copepoda Eurytemora affinis 
during spring, was attributed to an abundance of optimal food source following increased 
freshwater flows (Modéran et al. 2010).  In this instance conditions for primary producers 
were improved as increased flows reduced concentrations of suspended particulate material.  
Such processes seem to be commonly observed in turbid European estuaries (Soetaert and 
Rijswijk 1993, David et al. 2005).  Moderate flows may introduce considerable loads of 
nutrients, inducing bottom-up effects that also positively affect zooplankton (Hoover et al. 
2006).  The importance of freshwater as mediating factor of estuarine zooplankton variability 
becomes evident when conditions under low or artificially altered flows are considered.  
Fresh water inflow to a small tropical Australian estuary, artificially reduced by abstraction, 
increased tidal forcing and hence siltation, rendering phytoplankton of the area light limited 
which caused primary productivity to plummet (Burford et al. 2011), hence potentially 
eliciting a cascading negative effect.   
 
Unusual variations in long-term trends of estuarine zooplankton is induced by extreme 
episodic events like prolonged droughts (Cyrus et al. 2011, Carrasco et al. 2010, Marques et 
al. 2007) and scouring floods (Elliott and Kaufmann 2007).  The most immediate 
consequence of flooding is entrainment from the system to the neritic water of the coastline 
(Nair et al. 1984).  Entrainment-like responses are manifested in the data as sharp declines in 
abundance and altered assemblage compositions (Madhu et al. 2007), while under less severe 
flows, spatial shifts in distribution occur in the same direction of the runoff (de Madariaga et 
al. 1992).  Results from the present study captured two significant flooding events that 
coincided with zooplankton sampling sessions, viz. January 2005 and August 2006.  Second-
stage MDS ordination plots constructed from year-by-station correlation matrices showed 
that zooplankton assemblages sampling during these periods were markedly different from 
other years in the time series (Fig. 5.8a, 5.9a).  These variations were attributed to a reduction 
in numbers of euryhaline species (Fig. 5.8d-f, 5.9d-f).   
 
Euryhaline assemblages seemed to be more affected compared to stenohaline and steno-
euryhaline assemblages, which confirms the hypothesis that all assemblages are not equally 
affected.  This was best shown when variability was compared between regions (Fig. 5.11, 
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5.12.  Euryhaline species dominated much of the middle and upper regions of the Mgazana 
Estuary, particularly Stations 3 to 10 in summer and Stations 5 to 10 in winter (cf. Chapter 4).  
Results show that these stations coincided with the largest between-year deviations.  For 
example, in summer 2005 assemblages from Stations 3 to 10 were clearly separated from 
other stations in the MDS ordination plot (Fig. 5.11c-j), which was interpreted to indicate that 
assemblages were similarly (ρs = 0.73) affected by the flood.  The effect was less pronounced 
for the winter data set (Fig. 5.12), as fewer stations (Stations 1, 8-10) showed pronounced 
departures.  Chapter 4 results demonstrated that winter zooplankton tended to aggregate more 
densely towards the upper estuary as opposed to the middle estuary, which is a pattern typical 
of summer assemblages.  Although different from summer, these data still suggest significant 
changes in the euryhaline community due to rainfall induced flooding.    
 
Specifically, large variation in numbers of Acartiella natalensis and Pseudodiaptomus hessei 
were noted.  In the temporarily open/closed Mpenjati Estuary on the southern coast of 
KwaZulu-Natal, a sharp decrease in A. natalensis densities was observed shortly after 
opening of the mouth following a prolonged closed phase (Kibirige and Perissinotto 2003).  
Reduction in numbers was attributed to flushing and it was concluded that A. natalensis was 
particularly prone to flushing due to their habit of always remaining in the water column.  
Should this be true for all estuarine populations of A. natalensis, it can be concluded that they 
are particularly vulnerable in the Mgazana Estuary.  Yet, the species shows consistent upward 
numerical rankings and indeed dominates the zooplankton for much of the year (Wooldridge 
1977, Louw 2007, cf. Chapter 4).  It is therefore likely that the species may have an inbuilt 
response that enables populations to become re-established post-flood.  This hypothesis is 
investigated in more detail in Chapters 6 and 7.   
 
The impact of flooding on estuarine zooplankton of the Mgazana Estuary was further 
demonstrated via a more detailed investigation into variations in Pseudodiaptomus hessei 
numbers.  Data demonstrate quite different results when January 2005 was compared to 
August 2006 (Figs. 5.15-5.18).  Populations of P.hessei were naturally variable between 
years, although a consistent spatial pattern of abundance was evident year-to-year (Figs. 5.15, 
5.16).  All sexes and developmental classes (nauplii not quantified) were impacted by floods.  
Impact was most evident in areas normally associated with population centres.  In both, 
examples, it appears that populations moved in an upstream direction as flood effects were 
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progressively modified by tidal influence (measured in kilometres).  Pseudodiaptomus hessei 
is present in many estuaries throughout South Africa, occurring in large numbers from cool-
temperate west coast (Wooldridge and Deyzel 2009a) to the subtropical east coast 
(Wooldridge 1999).  This species is considered a pioneer as it is typically the first to re-
colonise after floods (Wooldridge and Melville-Smith 1979, Wooldridge and Bailey 1982).  
Maintaining position along the spatial gradient occurs as a consequence of diel vertical 
migration and efficient use of counter current flows and has been described in previous 
studies (Wooldridge and Bailey 1982, Jerling and Wooldridge 1992).  This behavioural trait 
may be advantageous during floods.  In January 2005, copepodid numbers appeared far less 
abundant (< 600 ind.m
-3
) compared to available information for that time of year (> 5 000 
ind.m
-3
).  Copepodid stages were probably flushed from the estuary during the flood as they 
are less likely to exercise diel vertical migration (Wooldridge and Bailey 1982).  Adults 
peaked at Station 2 near the inlet of Creek 2 (Fig. 5.1).  Station 2 is relatively deep and is a 
site of deposition of debris washed from the creek (cf. Chapter 7).  Kibirige and Perissinotto 
(2003) hypothesised that P. hessei may likely make use of bottom substrates for attachment 
to prevent from being washed downstream.  This may also be the case with populations at 
Station 2.   
 
Numbers of Pseudodiaptomus hessei in August 2006 (Station 5: 11 134 ind.m
-3
) were 
comparable to seasonal trends (Station 7: 12 423 ind.m
-3
).  Copepodids contributed most to 
total abundance and were widely dispersed along the main channel and in the creeks (Fig. 
5.18).  Two possibilities may be considered: 1) impact on populations was low, with the 
downstream shift in peak numbers was an obvious effect, or 2) populations observed at the 
time of sampling were in a recovered state.  Wooldridge and Bailey (1982) demonstrated that 
populations from the Sundays Estuary may require up to two months to recover after floods.  
The August 2006 sampling trip occurred only 12 days after the onset of the flood (Fig. 5.5), 
which is much shorter than the time period observed for Sundays Estuary populations.  It is 
therefore concluded that populations were less affected by the flood in August 2006 
compared to January 2005.   
 
In conjunction with decreased numbers of euryhaline species was a noticeable increase in 
density and distribution range of stenohaline species, more so in summer compared to winter 
(Fig. 5.8b, Fig. 5.9b).  A study on assemblage changes in relation to varying freshwater flows 
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(low to very high) in the Gernika Estuary, Spain, demonstrated multiple spatial shifts in 
assemblage ranges that were attributed to various flow-linked factors ranging from osmotic 
stress, to availability of primary food sources (de Madariaga et al. 1992).  At the time of 
sampling, salinity values were already within the euhaline range (> 30) over much of the 
main channel (up to Station 7).  The numerical reduction in euryhaline population density 
values could have enabled marine species a competitive advantage which allowed extended 
upstream ranges where they aggregated more densely.   
 
Species not recorded after floods were mostly bentho-pelagic Peracarida that are otherwise 
common throughout the estuary.  These included species of the Mysida, Gastrosaccus 
brevifissura and Rhopalophthalmus terranatalis; Isopoda Excirolana natalensis and 
Amphipoda Grandidierella lignorum, Urothoe tumorosa and Afrochiltonia capensis.  These 
species typically associate with the bottom waters (Wooldridge 1999) and were likely washed 
out with the flood by the scouring effect of the flowing water.  Similar results are reported for 
R. terranatalis in the Sundays Estuary (Wooldridge 1986a) and G. brevifissura in the 
Mpenjati Estuary (Kibirige and Perissinotto 2003).  Bentho-pelagic Peracarida like the 
Mysida are proportionally major contributors to the zooplankton biomass in estuaries 
(Wooldridge and Bailey 1982), which is indeed the case in the Mgazana Estuary (Wooldridge 
1977). 
 
The results from the present study have shown that rainfall linked flooding is a prominent 
natural phenomenon occurring in the Mgazana Estuary.  Zooplankton assemblages are 
directly influenced by floods by means of entrainment and spatial displacement.  Specifically, 
populations are impacted numerically, as numbers of the Copepoda, Pseudodiaptomus hessei 
and Acartiella natalensis are considerably reduced.  These results confirm the hypothesis put 
forward by Louw (2007) as flooding appears to be a major source of variability in the 
abundance of Copepoda.  At the community level, floods also induced unusual variation 
trends in the general year-to-year variability which was very clearly shown in the second-
stage multivariate analysis.  These analytical tools are therefore considered useful in the 
context of long-term monitoring, particularly when unusual events are the desired focus.  The 
effects of such events on estuarine biota will become more relevant for monitoring and 
research as it is estimated to occur more frequently in some parts of the world (Rodó et al. 
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1997, Re and Barros 2009) and indeed along the eastern coast of South Africa (Mason et al. 
1999). 
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Chapter 6 
Seasonal and spatial abundance patterns of Acartiella natalensis 
(Calanoida: Copepoda) in the Mgazana River Estuary 
 
6.1 Introduction 
The family Acartiidae is represented by approximately 74 species and is widely distributed 
throughout the world’s oceans, particularly in neritic regions (Razouls 1995).  Of the ten 
estimated Acartiidae species found in coastal waters of southern Africa, only three are 
considered common in local estuaries (Grindley 1981, Wooldridge 1999).  Acartia 
(Paracartia) africana Steuer and Paracartia longipatella Connell and Grindley are relatively 
common in estuaries along the western and southern coast, replaced by Acartiella natalensis 
Connell and Grindley as the common Acartiidae species along the eastern seaboard of the 
region (Connell and Grindley 1974, Grindley and Wooldridge 1974, Grindley 1981).   
 
While reporting on the estuarine zooplankton from the Msikaba and Mgazana estuaries, 
Wooldridge (1976, 1977) documented rich and diverse communities (see Fig. 6.1).  The 
subtropical Calanoida species, Acartiella natalensis was consistently ranked among the top 
three most important taxa in terms of abundance, dominating the upper regions of these 
estuaries.  As the species extends towards its southern limits however, A. natalensis has been 
shown to largely disappear from the estuarine plankton during winter (Wooldridge 1999), 
highlighting its subtropical nature.   
 
Although considered subtropical across its range of distribution, Acartiella natalensis occurs 
in tropical, subtropical and warm temperate estuaries.  As such, climate change has the 
potential to alter A. natalensis distributions and abundance.  Those estuaries in transition 
zones between the major biogeographical provinces are likely to be highly sensitive to 
predicted climate change effects (James et al. 2008), including changes in water temperature 
and fluctuations in atmospheric processes (e.g. rainfall).  Some of these potential changes 
have been noted for South Africa (Mason et al. 1999), South America (Re and Barros 2009) 
and southern Europe (Rodó et al. 1977).  In particular, small estuaries draining steep 
catchments, like many of those along the northern sector of the Eastern Cape Province, may 
expect an increase in flooding incidence that could cause shifts in fluvial fluxes, nutrient 
budgets and water chemistry (Eyre and Twigg 1997, Eyre 1998, Eyre and Balls 1999).  Thus, 
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a shift in A. natalensis abundance, spatial distribution and a change in life history strategy, for 
example, could be a likely consequence of the influence of climate change.  Long-term data 
series therefore become important tools to monitor potential changes in the structure of 
communities and species-specific variations in abundance as a consequence of predicted 
environmental responses to climate change.  
 
Research on estuarine zooplankton communities in South African has mainly focused on the 
warm-temperate south-east coast (Wooldridge and Bailey 1982, Jerling and Wooldridge 
1994b, 1995b) and the subtropical KwaZulu-Natal region (Jerling and Cyrus 1999, Kibirige 
and Perissinotto 2003, Jerling 2003, 2005, 2008).  Only two studies have focused on the cool-
temperate West-Coast (Wooldridge and Deyzel 2009a, Montoya-Maya and Strydom 2009) in 
recent years, following work on the zooplankton of a marine embayment of the region 
(Grindley 1977).  Estuaries in the biogeographical transition zone along the east coast have 
also received limited attention with published accounts of estuarine zooplankton prior to 2000 
being conducted by Wooldridge (1976, 1977) on the Msikaba (31˚18’S, 29˚58”E) and 
Mgazana estuaries (31˚42’S, 29˚25’E).  These studies were limited to monthly and sometimes 
quarterly collections and did not exceed three continuous years of sampling in any estuary. 
 
The present study investigated seasonal and inter-annual variability in abundance and 
longitudinal distribution of Acartiella natalensis, monitored over a five year period in the 
Mgazana Estuary.  More specifically, the study aimed to identify important environmental 
variables and thresholds that impact on spatial and temporal abundance trends in the A. 
natalensis population.  This information was also compared to data from several estuaries 
along the coast to investigate geographical trends, as populations responded to increasing 
warm-temperate effects.  Within this context, possible geographical shifts in population 
dynamics in response to future climate change are predicted and discussed. 
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6.2 Methods and Materials 
6.2.1 Data collection 
The density of Acartiella natalensis adults in the plankton from fourteen stations in the 
Mgazana Estuary (Fig. 6.1) was determined from ten seasonal zooplankton surveys 
conducted bi-annually from January 2002 to August 2006.   
 
 
 
 
Figure 6.1: Location of the Mgazana River Estuary and other estuaries (a) mentioned in the 
text.  The lower figure (b) represents main channel and creek stations in the lower, middle 
and upper regions of the Mgazana Estuary.   
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Refer to Section 4.2.1 (Chapter 4) for a detailed description of the sampling methods and 
materials used to collect the zooplankton.  Methods used to determine physico-chemical data 
are outlined in Section 3.2.1 (Chapter 3).   
 
6.2.2 Laboratory techniques 
The methods and materials used for the processing of samples in the laboratory are outlined 
in Section 4.2.2 (Chapter 4).  Only adult specimens were considered for density estimates as 
the 200 µm mesh on the WP2 nets is likely to underestimate nauplii and copepodid 
abundance.  Acartiella natalensis was identified using descriptions by Connell and Grindley 
(1974).  Acartiella natalensis is easily distinguishable from Acartia danae Giesbrecht 1889, 
A. negligens Dana 1849 and Paracartia longipatella, also present in the Mgazana Estuary.  
However, Acartia negligens was only present in the lower reaches during most visits 
(Appendices 2a, b).  Acartia danae was recorded on five occasions between 2002 and 2006, 
but never upstream of Station 2 (Appendices 2a, b).  Paracartia longipatella was recorded in 
the upper parts of Creek 1 and Creek 2 in January 2002 and January 2003 respectively 
(Appendix 2a).  Density of A. natalensis in each sample was expressed as the number of 
individuals per cubic metre of water (ind.m
-3
) using Eqs. 4.1-4.3 (Section 4.2.2, Chapter 4).    
 
6.2.3 Data analysis 
Summer and winter data series were each represented by five data sets comprising 14 datum 
points (one per station expressed as the mean of two replicate samples taken per station).   
 
Spatial variation 
Stations were ranked in order of increased distance (km) from the estuary mouth to facilitate 
graphical comparisons of spatial trends between creek and main channel stations.  Stations 
were also divided into three groups, each representing a different spatial zone (Fig. 6.1).  The 
lower estuary zone extended 2.5 km upstream and was represented by Stations 1 to 3 (main 
channel), Stations 1A and 1B (Creek 1) and, Stations 2A and 2B (Creek 2).  Stations 4 to 7 
comprised the middle estuary (2.5-4.6 km from the mouth) while the upper estuary (> 4.6 km 
from the mouth) included Stations 8 to 10.  In most instances, data series or combinations of 
data series were found to be non-normal in distribution (Kolmogorov-Smirnov test with 
Lilliefor’s correction) and/or grossly unequal in variance (Levene’s median test), even after 
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rigorous transformation (log(x + 1)).  The nonparametric Kruskal-Wallis analysis of variance 
on ranks (K-W ANOVA) was used to test the null hypothesis of no difference in density 
between sampling sessions (years) or regions within sessions (if k > 2).  Differences in 
physico-chemical medians calculated per session, or regions within sessions, were 
investigated using the same testing framework.  The Mann-Whitney Rank Sum Test 
(nonparametric) was performed to ascertain whether density values from a particular region 
varied significantly between seasons.   
 
Physico-chemical drivers of spatio-temporal variability in the abundance of Acartiella 
natalensis 
The effect of environmental variables on spatial patterns of abundance was investigated using 
Spearman Rank Correlations.  Multi-factorial analysis was not considered due to the high 
level of multi-collinearity that existed among the independent variables (cf. Zar 1999).  To 
validate single factor comparisons, only those population density values for which 
corresponding physico-chemical parameter data were available were analysed.  In some 
instances, the data sets for some physico-chemical parameters were incomplete due to 
equipment failure in the field (see Table 3.1, Section 3.2.1, Chapter 3 for full explanation and 
availability of physico-chemical data).  Summer and winter data were analysed separately.  
Five expressions were determined for each physico-chemical parameter before correlations 
were performed.  They were: (1) integrated values for the water column (mean of all vertical 
measurements per sampling effort), (2) surface values (direct observations), (3) bottom 
values (direct observations), (4) surface-to-bottom ranges and (5) temporal variability.  
Temporal variability was calculated using the Coefficient of Variation (CV) for each 
parameter per station over specific sampling periods (see Eq. 3.4, Section 3.2.4, Chapter 3).  
As the CV is estimated from the mean over time, each station was represented by a single 
datum point for any particular physico-chemical variable.  Total sample size for a Spearman 
Rank Correlation between CV values and abundance therefore equalled the number of 
stations, i.e. 14.  The sample size for correlation analyses other than CV corresponded to the 
number of original datum points.  Surface-to-bottom ranges provided an indication of how 
stratified or mixed the water column at any one location within the estuary was at the time A. 
natalensis was sampled.  A negative correlation implied an association with areas 
characterised by a well-mixed water column (small range), while a positive result inferred an 
association with areas having a stratified water column.  Correlations were performed on the 
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absolute values (shown as |x| for variable x) to eliminate a positive/negative sign.  
Correlations were therefore drawn between density and the magnitude of vertical 
stratification of the water column.  For each calculation the statistic rs were investigated for 
significance at the 95% confidence interval.   
 
Seasonality 
Proportional differences in density between consecutive summer and winter sampling trips 
were investigated in order to identify areas where density values on average fluctuated most 
over the five year period.  The method used was adapted from a family of temporal 
variability measures based on the ratio (R) of the number of individuals between two 
consecutive time periods (Wolda 1978).  The ratio R, also known as the net reproductive rate 
(Andrewartha and Birch 1954) or gradation coefficient (Benedek 1970) as cited by Wolda 
(1978), is calculated as (taken from Wolda 1978):  
 
1

i
i
N
N
R  (6.1) 
or 
 
1 Log Log Log  ii NN=R  (6.2) 
 
where N represents density estimated for time i between two successive time periods viz. i - 1 
and i.   
 
Wolda’s (1978) application of R followed a multispecies approach, i.e. gradation coefficients 
were determined for each species over the time period in question in order to determine the 
combined variability between years.  Wolda (1978) inspected two derivatives: (1) the mean, 
which described the average change in density among all species, and (2) the variance which 
was interpreted as an estimate of the difference in density variability between the different 
species, giving an indication of the “range of increases and decreases which occurred” 
(Wolda 1978, p1019).  Wolda (1978) calls this variance Annual Variability or AV.   
 
Gaston and McArdle (1994) in a review of temporal variability measures noted that the 
gradation coefficient was not exclusive of sampling error nor the influence of trend.  In this 
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review, a number of alternative measures were discussed, none of which were found to be 
without limitations.  The application of the R (or LogR) concept in the present study was not 
intended to assess year-to-year variability, but rather to produce an estimate describing 
location specific (lower vs. middle vs. upper regions of the estuary) differences in abundance 
from summer to winter.  The estimate, although calculated similarly as R (Eqs. 6.1, 6.2) is 
henceforth called the Seasonal Ratio (SR or LogSR, logarithm base 10 as Eq. 6.2 was 
ultimately used).  The difference between two consecutive seasonal estimates of abundance 
represents the magnitude of dominance of one season over the other.  In the original context, 
LogNi represents the second time period and logNi-1 the first, i.e. year two is subtracted from 
year one in Wolda’s (1978) case.  Although not discussed, Wolda (1978) seemed to elect this 
orientation in consideration for (1) the working null hypothesis of no difference in abundance 
between years and (2) the assumption that time moves in one direction.  Ultimately, the 
orientation to which the two time periods are inserted into Eq. 6.2 is irrelevant as the result in 
either case will still produce values of the same magnitude, albeit on opposite ends of zero.  
In the present study, summer was elected as time one (LogNi) and winter as time two (LogNi-
1) so that (as adapted from Eq. 6.2 taken from Wolda 1978): 
 
WS NN=SR  Log Log Log   (6.3) 
 
where N represents density estimated in summer (S) and winter (W).   
 
LogSR values were calculated for each station per year and a mean calculated per station for 
the five year period.  Mean LogSR values were then plotted against the horizontal distance 
from the mouth to reveal departures from zero as indicators of change from summer to 
winter.  Positive departures represented summer maxima and negative values, winter 
maxima.  Station mean LogSR values were in turn averaged per region (lower, middle and 
upper estuary), to introduce error for inferential tests.  For each region, significant departures 
from zero were tested with a two-tailed, one-sample t-test (H0: ∆X = 0; HA: ∆X ≠ 0, α = 0.05).  
When the null hypothesis was rejected the alternative hypothesis of significant seasonal 
change within a particular region was accepted.   
 
The Coefficient of Variation (CV) (see Eq. 3.4, Section 3.4, Chapter 3) was calculated from 
the mean and standard deviation values of the LogSR values calculated for each station.  The 
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CV values served as an expression of variability between seasons, which could be compared 
between stations.  Expressed as a percentage, high values of CV indicated high variability in 
seasonal changes in abundance of Acartiella natalensis at that particular station.    
 
Inter-annual variability 
Temporal variability between sampling trips for summer and winter abundance levels were 
each investigated using Heath’s “Population Variability” or PV (Heath 2006).  Population 
Variability among a variety of temporal variability estimators (e.g. McArdle and Gaston 
1993, Gaston and McArdle 1994, Stewart-Oaten et al. 1995, Stewart-Oaten 1996, Cyr 1997) 
were considered suitable as estimates of inter-annual variability.  This was mainly due to its 
robustness to non-Gaussian behaviour, particularly as many zeros were present in the 
abundance data set.  Population Variability considers rare as well as common events in a time 
series, a property that many alternative measures do not accept (Heath 2006).  A third useful 
attribute of PV resides in how the value is derived.  It is calculated from average proportional 
differences between all pairs in a time series (e.g. S1 vs. S2, S1 vs. S3 etc.) and not only 
consecutive ones (Heath 2006).  All combinations are therefore considered as each density 
value is evaluated against another in the time series.  The number of possible combinations 
was calculated using (re-expressed from Heath 2006, after Zar 1999): 
 
!X
P
C xnxn   (6.4) 
 
where n is the number of time series compared two (X) at a time.   
 
The data series in the present study covers five replicate years per season.  For each season, 
10 combination pairs were available for comparison.  The list of possible combinations is 
defined as z (z = 1 to 10), where each combination comprise a z pair (zi and zj) that is 
compared using the difference function D(z).  The difference function compared proportional 
differences for each z pair by (re-expressed from Heath 2006): 
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Chapter 6 
143 
 
 
ji zzifzD  0)(  (6.6) 
 
Alternatively expressed as (after Heath 2006): 
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Population Variability is then calculated as (after Heath 2006):  
 
C
zD
=PV
z
 )(
 (6.8) 
 
Population Variability produces proportional differences ranging from zero to one, where 
zero signifies complete stability among years, while one is interpreted as abundance 
variability approaching infinity (Heath 2006).  In the present study, mean density for each 
station (n = 14) per sampling session (Summer: n = 5; Winter: n = 5) were used for PV 
calculations, so that “Summer PV” and “Winter PV” could be assessed independently and 
compared spatially along the horizontal axis of the estuary.  Of particular interest were those 
areas where PV was consistently low.  One-way ANOVA was used to test for significant 
differences between regions for each season.  Regional variability between seasons was 
compared with a two-sample, two-tailed t test, to establish whether inter-annual variability 
for a particular region differed between seasons.  
 
Geographical trends 
Other estuaries for which seasonal abundance data were available were compared with data 
collected in the present study.  Comparisons between density values (mean, maximum or 
minimum) from the respective estuaries gave little indication of latitudinal effects, as 
population numbers are extremely variable across its distribution range around the South 
African coastline (Table 6.1).  Instead, this component of the study aimed to investigate how 
seasonal variation in the abundance of Acartiella natalensis varied along the north-south 
latitude gradient from KwaZulu-Natal to the southern part of the Eastern Cape Province.  It is 
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hypothesised that variation in density between summer and winter populations within the 
subtropical region is minimal and that proportional differences increases with the southern 
latitude based on the assumption that summer populations become increasingly more 
dominant over winter populations towards its southern distribution limit.   
 
Data were either extracted directly from the literature, or derived from raw data that were 
available from the original investigators at the time of analysis.  Source details are listed in 
Table 6.1 and represent subtropical and warm-temperate regions (Fig. 6.1).  Estuaries with 
quantified summer and winter data were considered for analysis.  Estuaries excluded from 
analyses but for which some data were available include the St Lucia estuarine system 
(northern KwaZulu-Natal), Msikaba (former Transkei, Eastern Cape Province), Kwelera 
(former Transkei, Eastern Cape Province) and Gamtoos (St Francis Bay, Eastern Cape 
Province) estuaries.  Comparable seasonal data could not be extracted from published works 
related to the zooplankton of the St Lucia system.  Data presented by Carrasco et al. (2010), 
Jerling et al. (2010) and Cyrus et al. (2011) predominantly focused on density values 
coinciding with specific hydrological phases (open vs. closed).  Although work by Carrasco 
et al. (2010) entailed quarterly surveys between February 2006 and November 2008, their 
analysis focussed on three specific hydrological periods only viz. closed phase (February 
2006 to February 2007), open phase (March 2007 to August 2007) and a re-closed phase 
(November 2007 to October 2008).  The analytical strategy proposed in the present section 
requires consecutive seasonal records, i.e. for example January 2007 and July 2007.  The 
same was true for data presented by Jerling et al. (2010) and Cyrus et al. (2011).  Once more 
the focus was on specific hydrological phases for which several density values recorded 
during specific months were averaged to represent either an ‘open’ or closed phase.  At the 
time of the present analysis, raw data could not be obtained from the original researchers; St 
Lucia was therefore omitted at this time.  Only qualitative data were available for the 
Msikaba Estuary and very limited data were available for the Kwelera and Gamtoos estuaries.   
 
The Seasonal Ratio between log (base 10) transformed density values (LogSR) were plotted 
against latitude (decimal degrees) and investigated for linear trend (linear regression).  The 
Nhlabane, Mhlathuze and Mpenjati estuaries on the KwaZulu-Natal coast and the Mgazana 
and Mngazi estuaries (former Transkei, Eastern Cape Province) comprised the subtropical 
group.   
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Table 6.1: Estuaries from the north- and south-eastern coast of South Africa for which Acartiella natalensis data are available.  Listed are 
geographical affiliations, selected system characteristics and density maxima.  Estuaries omitted from regression analysis are shown in boldface 
print.   
Estuary Latitude Longitude Biogeographic
Region 
a
Province
*
Type
† a Catchment
area (km
2
) 
b
Max N  (ind m
-3
) Presence in plankton Source
St Lucia
**
28º23' S 32º25' E Subtropical KZN EL 9 542 56 000 Annual Carrasco et al.  (2010)
Nhlabane 28º38' S 32º16' E Subtropical KZN EL 107 157 000 Intermittent Jerling (2005)
Mhlathuze 28º51' S 32º03' E Subtropical KZN EB 3 670 >1 500 Intermittent Jerling (2003)
Mpenjati 30º58' S 30º17' E Subtropical KZN TOC 101 45 551 Annual Kibirige & Perissinotto (2003)
Msikaba
**
31º18' S 29º58' E Subtropical EC-TK POE 1 011 Common
§
Annual Wooldridge (1976)
Mngazi 31º41' S 29º27' E Subtropical EC-TK TOC 561 169 676 Annual Wooldridge unpublished
Mgazana 31º42' S 29º25' E Subtropical EC-TK POE 285 107 764 Annual This study
Ngqusi/
Inxaxo
32º35' S 28º31' E Warm-temperate EC-TK POE 134 30 271
Intermittent
in summer
Wooldridge unpublished
Kwelera
** 32º54' S 28º04' E Warm-temperate EC POE 418 7 777 Intermittent
in summer
Wooldridge (1986b)
Nahoon 32º59' S 27º57' E Warm-temperate EC POE 584 33 847 Intermittent
in summer
Wooldridge unpublished
Sundays 33º43' S 25º51' E Warm-temperate EC POE 20 990 ~30 000 Seasonal Wooldridge & Melville-Smith (1979)
Swartkops 33º52' S 25º38' E Warm-temperate EC POE 1 303 43 250 Seasonal Wooldridge & Melville-Smith (1979)
Gamtoos
**
33º58' S 25º04' E Warm-temperate EC POE 34 635 170 000 Seasonal Wooldridge (1999)
Kromme 34º09' S 24º51' E Warm-temperate EC POE 1 085 1 425 Intermittent Wooldridge (1999)
* 
KZN = KwaZulu-Natal; EC-TK = Eastern Cape, former Transkei region; EC = Eastern Cape, south of former Transkei region.  
†
EL = Estuarine lake; EB = Estuarine bay; TOC = 
Temporarily open/closed estuary; POE = Permanently open estuary.  
a
 Whitfield (2000).  
b
 Harrison et al.  (2001).   
§
 No quantitative density data available.  
**
 Insufficient seasonal data / 
quantitative data available only from literature; raw/original data not available at time of analysis
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The Ngqusi/Inxaxo, Nahoon, Sundays, Swartkops and Kromme estuaries represented the 
warm-temperate region.  The Nhlabane, Mhlatuze, Mpenjati and Kromme estuaries were 
considered being impacted or altered by freshwater abstraction (Kromme), agricultural 
activities (Mpenjati) and construction (Nhlabane and Mhlatuze) (Bickerton and Pierce 1988, 
Jerling and Wooldridge 1994b, Jerling and Cyrus 1999, Wooldridge and Callahan 2000, 
Kibirige et al. 2002, Jerling 2003, Kibirige and Perissinotto 2003, Jerling 2005, 2008).  It is 
hypothesised that seasonal variation within such impacted estuaries will not follow the same 
latitudinal trend shown by other estuaries in the series, i.e. data points representing these 
estuaries will appear as ‘outliers’. 
 
6.3 Results 
6.3.1 Spatio-temporal variability in abundance 
Acartiella natalensis exhibited clear seasonal trends in abundance and distribution in the 
Mgazana Estuary (Figs. 6.2, 6.3).  The species was recorded at all stations in summer, 
numbers peaking in the middle estuary from Stations 4 to 7 (maximum of 107 764.01 ind.m
-3
 
at Station 5 in 2003) (Fig. 6.2).  While their occurrence in the lower main channel and Creek 
1 was variable, a small population was found to be permanently present during the summer 
months in Creek 2.  In total, the creeks supported 7% of the entire summer population, on one 
occasion attaining a density as high as 24 311 ind.m
-3
 at Station 2B (January 2002).  On 
average, numbers increased progressively upstream to Station 5 before decreasing towards 
Station 10 (Fig. 6.2f).   
 
In winter, Acartiella natalensis was almost entirely absent from the lower estuary, with no 
records downstream of Station 2 (Fig. 6.3).  Below Station 3, small numbers (< 100 ind.m
-3
) 
were noted on two occasions only, viz. 2002 (Stations 2 and 2B) and 2006 (Station 2).  On 
average, numbers increased progressively from Station 4 to 7, decreasing slightly before 
increasing again in the upper estuary (Fig.6.3f).  The upper estuary supported highest 
numbers (mean = 18 204 ind.m
-3
), where more than 50% of the total winter population 
occurred.  In August 2005, the mean density in the upper estuary was 25 488 ind.m
-3
 (Table 
6.2), with a maximum of 50 201 ind.m
-3
 at Station 10 (Fig. 6.3d).   
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Figure 6.2: Summer density of Acartiella natalensis (black line) in relation to integrated 
salinity (blue line) at fourteen stations in the Mgazana Estuary from 2002 to 2006 (a-e).  Plot 
(f) shows the general distribution and abundance trend representative of summer, where data 
represent the mean (± 1SD) density for the sampling period (n = 5 per station).  Station labels 
(blue numerals) are shown in Plot (c).  Numbers in bold indicate the station where maximum 
density was recorded (a-e).  Generally, summer populations peaked from Stations 5 to 8 in 
the middle to upper reaches of the estuary, although values varied considerably between years 
at these stations (large SD: average CV = 88.3%) (f).   
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Figure 6.3: Winter density of Acartiella natalensis (black line) in relation to salinity (blue 
line) at fourteen stations in the Mgazana Estuary from 2002 to 2006 (a-e).  Plot (f) shows the 
general distribution and abundance trend for winter, where data shows mean (± 1SD) density 
for the sampling period (n = 5 per station).  Numbers in bold (black) indicate the station 
where maximum density was recorded.  Station labels (blue numerals) are shown in Plot (e).  
With the exception of 2006 when the estuary was in flood (note well established salinity 
gradient), the location of density maxima varied between Stations 7 (a, c) and 10 (b, d).  
Abundance peaks at Stations 7 and 10 were also evident on the averaged trend for the time 
period (f).   
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Figure 6.4: Inter-annual variability in summer and winter density of Acartiella natalensis 
populations in the Mgazana Estuary.  Data represent mean values (± 1SD) for 14 stations 
sampled during each season from 2002 to 2006.  Arrows indicate sampling sessions that 
coincided with heavy rainfall.  Kruskal-Wallis ANOVA on ranks tested for median 
differences between years.  Letters indicate heterogeneous groups (P > 0.05) determined from 
Tukey multiple comparison tests conducted a posteriori.  Summer populations varied 
significantly between years (KW-ANOVA: P < 0.05) and was largely attributed to the low 
mean density recorded in 2005.  Although winter population abundance levels did not vary 
significantly between years, mean density in 2006 was relatively low.   
 
 
Summer density values varied significantly between years (H = 12.585, df = 4, P = 0.013) 
(Fig. 6.4, Table 6.2).  The highest annual mean density in summer (25 493 ind.m
-3
) was 
recorded in 2002, while the lowest value (1 501 ind.m
-3
) was recorded in 2005 (Fig. 6.4).  
When comparing the lower, middle and upper estuary between years, significant variation in 
abundance was recorded in the middle estuary (H = 12.329, df = 4, P = 0.015) (Table 6.2), 
where values ranged from 2 970 ind.m
-3
 in 2005 to 60 708 ind.m
-3
 in 2003 (Fig. 6.5a).  By 
contrast, no significant difference in abundance were evident between years in the lower (H = 
6.489, df = 4, P = 0.165) and upper regions (H = 8.767, df = 4, P = 0.067) (Table 6.2).   
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Table 6.2: Inter-annual and –seasonal comparisons between regional means of Acartiella 
natalensis abundances calculated for summer and winter from 2002 to 2006.  The null 
hypothesis of no difference between years was tested with the Kruskal-Wallis ANOVA on 
ranks test, while the Mann-Whitney rank sum test was used to test for significant differences 
between consecutive seasons for each sampling year.  For both tests, α = 0.05.   
 
 
 
 
The low average density in January 2005 was recorded shortly after (weeks) a period of 
heavy rainfall in the catchment (Fig. 6.4). 
 
The abundance for winter populations did not fluctuate significantly (H = 3.444, df = 4, P = 
0.486) between years (Fig. 6.4, Table 6.2).  Minimum annual density (916 ind.m
-3
) was 
recorded in August 2006 (Fig. 6.4).  The estuary was again recovering from a flash flood that 
occurred a short while prior to sampling (see Section 2.4, Chapter 2).  During this time, 
population numbers peaked in the middle estuary (Fig. 6.5b). 
 
 
2002 2003 2004 2005 2006
Mean
(n  = 5)
H P
Summer
Lower 6619 3703 7389 148 3622 4296 6.489 0.165
Middle 47466 60708 24873 2970 36165 34436 12.329 0.015
Upper 40234 23760 12906 2701 13129 18546 8.767 0.067
Mean (n  = 14) 25493 24288 13567 1501 14957 15961 12.585 0.013
Winter
Lower 16 0 78 1 31 25 3.096 0.542
Middle 21368 11043 20774 9410 3132 13145 7.014 0.135
Upper 13645 28637 23222 25488 26 18204 8.315 0.081
Mean (n  = 14) 9037 9292 10951 8151 916 7669 3.444 0.486
Inter-Seasonal
†
Lower vs. Lower 0.004 <0.001 0.002 0.007 0.011 0.004
Middle vs. Middle 0.098 0.029 0.584 0.162 <0.001 0.02
Upper vs. Upper 0.279 0.635 0.098 0.151 <0.001 0.953
* Kruskal-Wallis ANOVA on ranks, α = 0.05
† Mann-Whitney rank sum test, α = 0.05.  Only P  values shown
Inter-annual* Sampling Sessions
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Figure 6.5: Inter-annual variability in abundance (ind.m
-3
) of summer (a) and winter (b) 
populations of Acartiella natalensis in the lower, middle and upper reaches of the Mgazana 
Estuary, sampled from 2002 to 2006.  The January 2005 (a) and August 2006 (b) sessions 
were conducted shortly after heavy rains, leading to flushing of the estuary and low density 
levels.  Shortly after these floods, recovery of the populations was greatest in the middle 
estuary.   
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6.3.2 Physico-chemical drivers of spatio-temporal variability in the abundance of 
Acartiella natalensis 
Single factor correlations between abundance and expressions of physico-chemical variables 
indicated contrasting results for summer and winter correlations (Table 6.3).  In summer, 
temporal variability in salinity (rs = 0.552, P = 0.039) and dissolved oxygen (rs = 0.640, P = 
0.013) produced the strongest correlations with Acartiella natalensis density values.  Positive 
correlation coefficients indicate proportional relationships between abundance and variability 
in salinity and dissolved oxygen, i.e. elevated density values associated with areas where 
salinity and dissolved oxygen were most variable over time. 
 
Table 6.3: Spearman Rank Correlations between summer and winter density values of 
Acartiella natalensis and various expressions of physico-chemical variables measured in the 
water column from 2002 to 2006.  Variability in dissolved oxygen and salinity produced the 
strongest significant correlations with summer populations while, in winter, salinity emerged 
as the most important driver.   
 
 
n rs P n rs P
Temperature (ºC) Integrated 64 0.480 <0.001 69 0.000 0.998
Surface 64 0.047 0.71 69 -0.110 0.366
Bottom 64 -0.050 0.693 69 -0.184 0.130
Stratification* 64 0.035 0.782 69 -0.004 0.976
Variability
†
14 -0.064 0.820 14 -0.009 0.964
Salinitiy (PSU) Integrated 64 -0.436 <0.001 69 -0.471 <0.001
Surface 64 0.170 0.178 69 0.285 0.018
Bottom 64 0.109 0.392 69 0.342 0.004
Stratification* 64 -0.032 0.803 69 0.005 0.967
Variability
†
14 0.552 0.039 14 0.064 0.820
Dissolved Integrated 54 0.129 0.351 67 0.081 0.513
oxygen (mg.L
-1
) Surface 54 -0.125 0.368 67 -0.309 0.011
Bottom 54 0.084 0.543 67 -0.215 0.081
Stratification* 54 -0.170 0.217 67 -0.001 0.990
Variability
†
14 0.640 0.013 14 0.180 0.532
Turbidity (NTU) Integrated 28 0.346 0.071 42 0.230 0.143
Surface 28 -0.245 0.206 42 0.214 0.172
Bottom 28 -0.428 0.023 42 0.166 0.293
Stratification* 28 -0.329 0.086 42 -0.056 0.722
Variability
†
14 0.071 0.797 14 0.424 0.125
* Stratification = |Surface - Bottom|; 
†
 Variability = Coefficient of Variation (CV )
Variable Expression
Summer Winter
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Summer populations also correlated significantly with integrated temperature (rs = 0.480, P < 
0.001), integrated salinity (rs = -0.436, P < 0.001) and bottom measurements of turbidity (rs = 
-0.428, P = 0.023).   
 
Density values of winter populations showed no correlation with temperature and turbidity 
(Table 6.3).  Integrated (rs = -0.471, P < 0.001) and bottom (rs = 0.342, P = 0.004) salinity 
values and surface measurements of dissolved oxygen (rs = -0.309, P = 0.011) produced the 
strongest correlations with density values of Acartiella natalensis.  Overall, correlations with 
physico-chemical variables were poorly defined.  At best, only 47% of the correlation could 
be explained (integrated salinity), which suggest that factors other than those reported here 
are responsible for structuring the spatial attributes of winter populations.   
 
6.3.3 Inter-seasonal variability 
Spatial comparisons of proportional changes in abundance (LogSR) between sequential 
summer and winter sessions within years and over a five year period indicated that 
populations were most stable in the upper region (t = 1.197, P = 0.251) of the Mgazana 
Estuary (Fig. 6.6a).  In contrast, abundance values fluctuated significantly in the lower (t = 
12.020, P < 0.001) and middle regions (t = 2.528, P = 0.020).  Variability recorded in the 
lower estuary reflects the seasonal absence of the winter populations from this reach.  
Significant results obtained for seasonal change in the middle estuary, are attributable to the 
elevated seasonal ratio measured for Station 4.  Population fluctuations at Stations 5 to 7 were 
comparatively low (LogSR < 1).  Only positive LogSR values were obtained, which was a 
reflection of the numerical dominance of summer over winter populations throughout the 
Mgazana Estuary.  Seasonal ratios were most variable at Stations 7 (Coefficient of variation > 
1 000%), 9 (CV = 302%) and 10 (CV = 517%) (Fig. 6.6b).  Although middle and upper 
region LogSR values were lower compared to lower region values, between years, seasonal 
fluctuations varied considerably (Fig. 6.6b).  For example, at Station 10, winter populations 
numerically dominated summer populations in 2003, 2004 and 2005, resulting in negative 
LogSR values for those years (see Figs. 6.2, 6.3).  This was not the case in 2006, during 
which time summer populations were more abundant (Fig. 6.2, 6.3).  
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Figure 6.6: (a) Seasonal variability in the logarithm of the density of Acartiella natalensis 
measured for fourteen stations in the Mgazana River Estuary from 2002 to 2006.  (b) Inter-
annual variability in Seasonal Ratios (blue solid line) using the Coefficient of Variation (CV) 
as variability estimator (calculated for the five-year period), and mean variability per region 
(red stars).  Significant departures from zero (no seasonal change) were tested for each region 
with two-tailed, one-sample Student’s t-tests (* α = 0.05, *** α < 0.01, ns = not significant).  
Significant changes in population density values from summer to winter occurred in the 
lower and middle regions of the estuary.  Between years, seasonal ratios were most variable 
in the middle and upper regions.  
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6.3.4 Inter-annual variability 
Spatial and seasonal variation in population variability between years were negligible (All 
ANOVA and t-tests: P > 0.05) (Fig. 6.7b-d).  Summer populations were most variable in the 
lower region (PV: mean ± 1SD = 0.73 ± 0.10), particularly at Stations 1A (PV = 0.82) and 2 
(PV = 0.83), while those from the middle region were most stable (mean PV = 0.59 ± 0.11) 
(Fig. 6.7a, c).  The lowest PV values were recorded for Station 4 (PV = 0.44), which was 
almost half the maximum value in the series (Fig. 6.7).  Despite these differences, the null 
hypothesis of no difference in mean PV values between regions could not be rejected (F = 
3.365, P = 0.072).   
 
There was little difference in population variability between summer and winter populations 
(t = 0.396, P = 0.696) (Fig. 6.7b).  Similarities in abundance fluctuations over the five-year 
period was also evident when mean PV values were compared between regions (t-test, all P > 
0.05) (Fig. 6.7c, d).  Values were consistent throughout the estuary in winter and ranged from 
0.62 ± 0.18 in the middle region to 0.67 ± 0.07 in the upper region (Fig. 6.7d).  Winter 
populations fluctuated most at Stations 3 (PV = 0.90) and 4 (PV = 0.86), and least at Station 2 
(PV = 0.69) (Fig. 6.7a).   
 
The spatial homogeneity in inter-annual variability reflects the scarcity of region specific 
variability.  Sources of variation in population numbers mostly affected entire populations, 
i.e. between the mouth and upper reaches.  
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Figure 6.7: Inter-annual Population Variability (PV) calculated for summer and winter 
populations of Acartiella natalensis.  Population Variability values are compared between 
stations (a), seasons (b), regions within (ANOVA results) and between (t-test results) seasons 
(c, d).  Population Variability values were only calculated for those stations where A. 
natalensis was present.  Acartiella natalensis was absent from Stations 1A, 1, 1B and 2A in 
winter (a: omissions from blue line).  Data points on plots (b)-(d) represent means (values 
shown) ± 1 standard deviation (SD).  A two-tailed, two-sample Student’s t-test compared 
seasonal PV values (b) and summer and winter region pairs (c, d).  One-way ANOVAs tested 
for significant differences between region means for each season (c, d).  Calculated t and F 
values and their corresponding P values are shown on plots (b), (c) and (d).  Population 
Variability values ranged between zero and one, where a zero indicates total population 
stability between years, and one, infinite variability.  The seasonal comparison of region pairs 
were not performed on lower region data due to zero density results obtained for most of the 
lower region stations in winter (DNT = did not test).  Inter-annual variability was consistent 
between seasons (b), with little variation evident between regions within each season and 
regions between seasons (c, d).   
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6.3.5 Geographical trends 
Proportional differences in abundance of summer and winter populations of Acartiella 
natalensis (LogSR) compared between east and south coast estuaries indicated a positive 
north to south trend (Fig. 6.8a).  Large LogSR values reflected greater differences between 
summer and winter abundance levels, while the opposite was true for small values.  When all 
the estuaries were subjected to the regression analysis a weak positive relationship (r
2
 = 
0.258, P = 0.134) resulted (Fig. 6.8b).  Nhlabane, Mhlathuze, Mpenjati and Kromme 
estuaries, all anthropogenically impacted estuaries, appeared not to conform to the general 
positive trend formed by other estuaries in the model.  When these estuaries were omitted 
from the regression analysis, a strong positive relationship between north-south location and 
LogSR values resulted (Fig. 6.8c).  This finding therefore confirms the hypothesis that the 
north-south trend in seasonal variation in A. natalensis abundance does not hold true for 
estuaries that are impacted by anthropogenic activities.  The seasonal change in abundance in 
estuaries of low anthropogenic impact is related to geographical location through the equation 
y = -35.355 + 1.124(x).  This linear regression was modelled on a very small sample size 
making interpretation tenuous.  Despite this shortfall, the key conclusions arising from these 
results suggest that a pattern of increasing seasonal variation from north to south exists, 
which holds particularly true for estuaries not heavily influenced by anthropogenic processes 
such as freshwater abstraction.  Data from the Kromme, Nhlabane and Mhlathuze were 
furthest positioned from the north-south positive trend (Fig. 6.8c).    
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Figure 6.8: Geographical comparison of proportional differences in the abundance of 
summer and winter populations of Acartiella natalensis (a).  LogSR values are plotted against 
latitude (decimal degrees) and a linear regression model fitted: (b) all estuaries; (c) estuaries 
influenced by anthropogenic intervention such as freshwater abstraction and/or alterations 
through construction (red circles) excluded from regression.  The linear regression model 
shown in (c) was only modeled on the datum points marked black, the red circles serve to 
indicate those points omitted from the model.  Linear equations and coefficient of 
determination (r
2
) values are presented (b, c).  Both models reflect a north to south 
(subtropical to warm-temperate) gradient of increasing summer dominance in the abundance 
of A. natalensis.  The north-south relationship becomes stronger once the outlier data were 
omitted from the model, suggesting an anthropogenic effect as causal factor for divergence 
off the regression model shown in (c).   
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6.4 Discussion 
Spatio-temporal trends in distribution and abundance of Acartiella natalensis were well 
defined in the Mgazana Estuary.  In summer, the species attained high numbers (maximum > 
100 000 ind.m
-3
), while in winter numbers were lower (< 35 000 ind.m
-3
) and restricted to the 
middle and upper estuary.  Acartiella natalensis is one of three Acartiidae species typically 
found in estuaries and occurs from Port Elizabeth eastwards, preferring warmer euryhaline 
conditions (Connell and Grindley 1974, Grindley 1981, Wooldridge 1999). 
 
Acartia africana and Paracartia longipatella are more common in estuaries west of Port 
Elizabeth (Wooldridge 1999) where they contribute up to 15% to the total zooplankton 
abundance (Montoya-Maya and Strydom 2009).  At the southern limit of its range, Acartiella 
natalensis reflects a strong seasonal presence in the zooplankton (Wooldridge and Melville-
Smith 1979, Jerling and Wooldridge 1994a, Wooldridge 1999, Wooldridge and Callahan 
2000).  Further north in the subtropics, seasonality is less evident for A. natalensis, 
particularly in those estuaries significantly altered by man’s activities (Jerling 2003, 2005) 
and those intermittently disconnected from the sea (Kibirige and Perissinotto 2003).   
 
Acartiella natalensis and Paracartia longipatella populations follow consistent trends of 
spatial and temporal succession in estuaries where they co-exist (e.g. Jerling and Wooldridge 
1995a).  At the southern limit of its distribution A. natalensis appeared in the zooplankton in 
spring, reaching maximum abundance in summer.  It was not present in the winter 
zooplankton (Wooldridge and Melville-Smith 1979).  By contrast, the more temperate P. 
longipatella was only present in the plankton during winter (Wooldridge and Melville-Smith 
1979).  Such succession patterns between Acartiidae species are not isolated to the southern 
African region, being well documented in European (Alcaraz 1983), Japanese (Ueda 1987), 
Australian (Greenwood 1981) and North American estuaries (Jeffries 1962, 1964, Knatz 
1978, Lee and McAlice 1979, Fulton 1984, Sullivan and McManus 1986).  Seasonal and 
spatial succession between Acartiidae species and other Copepoda is also documented 
(Hodgkin and Rippingale 1971, Knatz 1978, Greenwood 1981).  Globally, temperature and 
salinity are considered the main drivers of temporal and spatial succession between 
Acartiidae species (Jeffries 1962, Greenwood 1981, Lee and McAlice 1979), while quality 
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and quantity of food supply has also been reported (Lee and McAlice 1979, Sullivan and 
McManus 1986).   
 
Approximately 16 Acartiidae species are known to produce dormant eggs when 
environmental conditions become unfavourable (Mauchline 1998).  Of those in euryhaline 
waters, most occur in northern temperate latitudes between 30º and 60º N (Marcus 1996), 
where seasonal changes in temperature, salinity and photoperiod are significant but consistent 
between years (Grice and Marcus 1981).  The production of dormant eggs is not limited to 
temperate latitudes only; Marcus (1991) reported numerous resting eggs in the sediment from 
the subtropical Apalachicola Estuary in northwest Florida.  Eggs retrieved from the sediments 
were similar in morphology to those produced by Acartia tonsa, the most numerous 
zooplankter in the system (Marcus 1991).   
 
In the Mgazana Estuary, Acartiella natalensis was present in the plankton throughout the 
year.  In summer the species was recorded along the entire length of the estuary, with the 
exception of Station 1 near the mouth.  In winter however, spatial distribution was confined 
to the middle and upper reaches only.  Hall et al. (1992) noted that populations exist in space 
and time as a function of the cumulative effect of all environmental influences, including 
both physical and biological drivers.  Examples of biological processes that determine 
estuarine Copepoda distribution and abundance patterns include predation (Fulton 1984, 
Whitfield 1985, Saiz et al. 1993, Froneman and Vorwerk 2003), competition (Hodgkin and 
Rippingale 1971, Hall et al. 1976, Lee and McAlice 1979, Grindley 1981), food availability 
and quality (Sullivan and Banzon 1990, Calbet and Alcaraz 1997, Perrisinotto et al. 2000, 
Kouasi et al. 2001, Broglio et al. 2003, Rollwagen-Bollens and Penry 2003, Calliari et al. 
2009) and factors influencing developmental stages (Uye 1976, Ambler 1985, 1986, 
Albertsson and Leonardsson 2000).   
 
In the Mgazana Estuary, summer populations correlated significantly with integrated 
temperature and salinity, variability in salinity and dissolved oxygen and bottom turbidity.  
By contrast, winter populations only correlated significantly with integrated, surface and 
bottom salinity values as well as surface dissolved oxygen concentrations.  Temperature 
reflected a strong positive correlation with summer density values but showed no relation 
with winter values.  The increase in abundance towards the upper estuary was associated with 
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a positive upstream temperature gradient.  In winter, water temperature values reflected weak 
longitudinal gradients, which resulted in a poor correlation with winter density values.  
Studies on egg production rates, egg hatching and survival of nauplii for selected Acartiidae 
species (Uye 1981, Sekiguchi et al. 1980, Ambler 1985 and others) suggest that temperature 
plays an important role over larger time scales, influencing developmental stages, as opposed 
to acting as a limiting factor to adults in the water column across small spatial scales.   
 
Seasonal trends in abundance and distribution along the Mgazana estuary indicated a strong 
negative relationship with integrated salinity.  This was despite the fact that salinity gradients 
were generally poorly defined, maintaining an average salinity of greater than 30 along much 
of the main channel.  Over 85% of the total summer and 99% of the total population were 
present in middle and upper regions.  Similar associations were recorded in the Swartkops 
Estuary (Wooldridge and Melville-Smith 1979).  In this system, Acartiella natalensis was 
only recorded in the upper estuary from austral spring to autumn and was most abundant at 
temperatures exceeding 20˚C and salinities ranging from 9 to 35.  Wooldridge and Melville-
Smith (1979) suggested that A. natalensis was more tolerable of lower salinities under higher 
temperature, and less tolerable of higher salinities when temperatures fell below 20˚C.  A 
community-level study on the zooplankton of the seasonally closed temperate Wilson Inlet in 
Australia documented similar findings, where several euryhaline Copepoda species including 
Acartia simplex and the Cyclopoida Oithona simplex, were recorded in relatively high 
numbers in areas where salinity fluctuated within a range of ca. 29 in summer (Gaughan and 
Potter 1995).  Even though Wooldridge and Melville-Smith (1979) cautioned that factors 
other than temperature and salinity could be regulating distribution patterns of A. natalensis 
within the Swartkops Estuary, their argument may still serve as an explanation for the 
upstream shift of the “reproduction centre” (location of maximum abundance, Alcaraz 1983, 
p895) from the middle region of the Mgazana Estuary in summer to the upper region during 
the winter months. 
 
Vertical salinity and temperature profiles indicated that the middle estuary remained stratified 
during summer, while in winter the same reach was, particularly in terms of temperature, 
vertically mixed (Fig. 3.9, Section 3.3.4, Chapter 3).  The pattern was reversed in winter, 
where the upper estuary was stratified and the middle reaches relatively well-mixed.  These 
were also the areas where Acartiella natalensis was most abundant during summer and winter 
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respectively.  In stratified systems such as the Sundays Estuary, A. natalensis and Paracartia 
longipatella utilised bottom and surface counter-currents to prevent being washed from the 
system (Wooldridge and Erasmus 1980).  Grindley (1981) suggests that hydrodynamic 
forces, such as tidal exchange could afford better explanations for the spatial organisation of 
holozooplankton forms in estuaries rather than the effect of an absolute value of any one 
variable measurable within a system.  The method used in the present study to express 
vertical stratification, and its products, however showed no significant correlation with 
neither summer nor winter values.  Using surface-to-bottom differentials in correlation 
analysis with abundance data does not seem to serve as a suitable expression of stratification.   
 
Mgazana drains a comparatively small but steep catchment (285 km
2
), with runoff to the 
estuary often leading to flooding (Van Niekerk and Huizinga 2007).  Such intermittent events 
may change entire zooplankton communities over short time scales throughout the estuary 
(Grindley 1981, Wooldridge 1999).  Based on experiments by Margalef (1967), Grindley 
(1981) noted that the survival of estuarine zooplankton is largely dependent upon the 
reproduction rates of a population and the residence time of water that should be long enough 
to allow species to replace those swept away by currents.  The onset and duration of ‘flash’ 
floods in Mgazana is measured in days (Chapter 3), which is shorter than the turn-over rates 
of most estuarine Copepoda (e.g. Jerling and Wooldridge 1991).   
 
Heavy rainfall and flushing of populations could offer an explanation for some of the inter-
annual variability and intra-annual anomalies observed in the present study.  Inter-annual PV 
measures calculated for summer data series suggested that summer abundances were 
comparatively more variable from year to year compared to winter.  Variability was 
expressed across the entire estuary and was not limited to one particular region.  Deviant 
series may therefore reflect populations in different stages of flood recovery.  A preliminary 
study on flooding incidence in the Mgazana Estuary in the present study recorded eight 
floods over a period of eight months in summer and winter, three of which have flushed the 
entire system.   
 
Two “post-flood” states were monitored over a period of days in the present study, one in 
January 2005 and the other in August 2006.  During both study periods, Acartiella natalensis 
numbers were consistently low throughout the estuary, with peak values noted at Station 5 in 
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the middle estuary.  This may reflect a developing reproduction centre prior to horizontal 
dispersion, regulated by season-specific environmental and biological drivers.  As A. 
natalensis is entirely flushed from the system during major floods (Louw unpublished data), 
it is likely that populations rely on a dormant stage to ensure post-flood recovery.  Acartiella 
natalensis is able to produce resting eggs that survive unfavourable seasons in estuaries 
located towards the limit of its geographical distribution range in South Africa (Jerling and 
Wooldridge 1994a, Wooldridge 1999, Wooldridge and Callahan 2000, Kibirige and 
Perissinotto 2003).  Wooldridge (1999) reported on the presence of Acartiidae eggs in muddy 
sediments from estuaries near its geographical boundary, with egg densities exceeding 14 x 
10
6
 m
-2
.   
 
Up to 30% of Australian estuaries are small and shallow with a small freshwater inflow to 
tidal prism ratio (Chanson 2008).  They are more dynamic in salinity structure with highly 
variable river-flow in comparison to North America and Western Europe temperate systems 
(Eyre and Twigg 1997).  Episodic flooding is characteristic of estuaries in regions 
experiencing an arid-type climate and in the Australian estuaries, as described by Chanson 
(2008), frequent floods occur in summer.  Flooding increases transport of organic debris into 
subtropical systems (Eyre and Balls 1999, Trevethan et al. 2008) that may have a cascading 
effect on the biota (Meynecke et al. 2006).  Such conditions are also comparable to South 
African estuaries such as Mgazana.  The effects of episodic flooding on the physical and 
biological environment of small South African estuaries are poorly understood and require 
further research.  The issue is further compounded considering that such events are likely to 
occur more frequently at the onset of climate change (Mason et al. 1999).  A complex system 
such as Mgazana could be particularly vulnerable to such changes.   
 
A southward shift in geographical distribution of Acartiella natalensis is also a potential 
response to climate change.  A comparison of proportional summer and winter differences in 
log transformed density values (LogSR) between estuaries stratified across its present 
geographical range indicated a strongly linear and positive gradient.  It is likely that 
proportional summer to winter ratios for estuaries near its southern boundary would approach 
values similar to those recorded for Transkei and KwaZulu-Natal estuaries, i.e. approaching 
zero, signifying seasonal stability.  Changes in temporal and spatial trends in A. natalensis 
abundances in estuaries where this species is thought to compete with other Acartiidae 
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species (Wooldridge and Melville-Smith 1979) may cause cascading effects up and down 
estuarine food webs.  Long-term data series are valuable in this regard and can be used to 
monitor changes in community compositions and species specific variations in abundance in 
response to environmental variables in order to predict and manage responses to climate 
change.  
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Chapter 7 
The presence of Acartiella natalensis (Calanoida: Copepoda) eggs in soft 
sediments of the Mgazana River Estuary - an adaptive response to river 
flooding? 
 
7.1 Introduction 
The global success of Copepoda is reflected in their presence in almost all aquatic 
environments (Dussart and Defaye 1995).  As these habitats are often highly unpredictable 
and dynamic in nature, it has been suggested that Copepoda owe their success to the 
evolution of adaptive reproductive mechanisms that increase their chances of survival (Santer 
1998).  One adaptive strategy is that of dormant egg production (Hairston et al. 1995).  The 
southern African Acartiidae species, Acartiella natalensis, like many of its northern 
hemisphere counterparts (e.g. Uye 1981, Belmonte and Puce 1994, Belmonte 1998), produces 
resting or dormant eggs that persist (in the sediment) through periods of unfavourable 
environmental conditions (e.g. marked differences in water temperatures between seasons, cf. 
Wooldridge 1999).  These resting eggs essentially act as an “egg reservoir”, not unlike seed 
banks of certain terrestrial plants (Hairston and De Stasio 1988).  Dormancy forces a lag 
phase in development and allows Copepoda to outlast unfavourable periods (Hairston and 
Munns 1984).  By comparison, Copepoda dormancy has not received much attention in South 
Africa (see international reviews by Grice and Marcus 1981, Dahms 1995, Cáceras 1997, 
Marcus and Boero 1998) and with the exception of some unpublished work mentioned by 
Wooldridge (1999), no published accounts on Copepoda resting eggs are available for the 
South African coast and estuaries.  As such, we are unaware of the importance of these 
dormant eggs for the regional facilitation of Acartiidae population success following adverse 
conditions.  In the Northern Hemisphere, Acartiidae dormant eggs are often credited with the 
nucleation of populations, post unfavourable events (Castro-Longoria and Williams 1999).  
 
Acartiella natalensis is endemic to subtropical and warm-temperate estuaries along the 
eastern and south-eastern seaboard of South Africa (Connell and Grindley 1974).  Their 
abundance and temporal occurrence follows a latitudinal trend (Section 6.3.5, Chapter 6), 
occurring in the plankton year-round in subtropical estuaries (Wooldridge and Deyzel 2012) 
and seasonally in warm-temperate estuaries (e.g. Wooldridge and Melville-Smith 1979).  
Their absence from the winter plankton in the south is thought to be mainly temperature 
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related while relatively weak longitudinal salinity gradients influence their numbers in the 
north (Wooldridge and Melville-Smith 1979, Jerling and Wooldridge 1994b, Wooldridge and 
Callahan 2000, Jerling 2005). 
 
Acartiella natalensis numerically dominates the mesozooplankton in the Mgazana Estuary 
(cf. Chapter 4, 6).  This estuary is marine-dominated and located in the transition zone 
between the subtropical and warm-temperate biogeographical provinces (Harrison 2003, Sink 
et al. 2004, Griffiths et al. 2010).  The species occurs year-round in the estuary, attaining 
numbers exceeding 100 000 ind.m
-3
 in summer and less than 50 000 ind.m
-3
 in winter 
(Wooldridge 1977, cf. Chapter 6).  However, temperature and salinity appear less rigorous as 
regulators influencing the temporal dynamics of the species in the present study according to 
local literature, as no consistent pattern in population density emerged between seasons 
(Chapter 6).  A recent study on seasonal variability of zooplankton in the Mgazana Estuary 
suggested that Copepoda, and in particular Acartiella natalensis, are severely impacted by 
floods that flush planktonic populations from the system (Louw 2007).  In this respect, 
Mgazana Estuary is estimated to flush a number of times a year and at irregular intervals 
(Van Niekerk and Huizinga 2007, cf. Chapter 5), contributing to significant intra-annual 
variations (Chapters 5, 6).  At Mgazana, the middle estuary (Station 5) rather than other 
reaches, appear to be the location of initial recovery of A. natalensis density levels after a 
flushing event.  This mechanism is in clear contradiction to what has been proposed for post-
monsoon zooplankton in estuaries on the west coast of India (Nair et al. 1984, Madhupratap 
1987).  These latter studies propose that recovery begins in the lower estuary after entrapped 
estuarine zooplankton assemblages are transported back into the estuary through tidal 
transport.  Should A. natalensis populations recover from the middle reaches of the estuary 
rather than in the mouth region after a stochastic flood, the hatching of dormant eggs from an 
‘egg bank’ in these reaches is a potential reason for the recovery of the planktonic population 
in the present study..  
 
As seasonal shifts in temperature are relatively mild in the subtropics, the presence of resting 
eggs in bottom sediments could offer advantages not primarily linked to the avoidance of 
unfavourable seasonal temperature conditions.  Instead, the presence of resting eggs in 
subtropical estuaries may provide a mechanism whereby recovery of populations after floods 
is enhanced.  It is postulated that the post-flood Acartiella natalensis planktonic population in 
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the Mgazana Estuary is seeded from a dormant egg bank in the middle reaches of the system 
rather than via the re-introduction of flushed individuals through the estuary mouth.   
The present study is specifically aimed at: 
 establishing whether Acartiella natalensis resting eggs occur in the soft sediments of the 
Mgazana Estuary 
 if present, to quantifying the density of eggs and determining spatial distribution patterns 
between the mouth and upper estuary in summer and winter  
 comparing resting egg density and distribution to sediment characteristics, physico-
chemical characteristics and the spatial patterns of adult populations. 
 
In addition, the present study also aims to provide preliminary information on egg production 
rates of Acartiella natalensis through in situ experiments as well as via an assessment of the 
viability of eggs harvested from the sediments of the estuary. 
 
7.2 Methods and Materials 
7.2.1 Abundance and distribution of Acartiella natalensis eggs in subtidal sediments 
7.2.1.1 Data Collection 
Three replicate sediment samples were collected from all 14 stations in the Mgazana Estuary 
during the months of February and July 2008 (Fig. 2.1, Chapter 2).  Samples were collected 
using a corer consisting of two translucent Perspex tubes (width = 2.5 cm; length = 20 cm) 
attached to the terminal end of an extendable pole (3 x 1 m lengths).  The first 1 cm of the 
core was transferred to a 48 ml plastic vial and preserved with 10 % buffered formaldehyde.  
An additional sediment sample for particle size analysis was collected from each station 
using a Van Veen Grab (211 cm
2
 sampling area).  Sediment collected with the Van Veen 
Grab was kept frozen for further analysis in the laboratory.   
 
In February 2008, additional sediment samples were collected from Station 7 using a Cone-
dredge sampler to test for hatching viability of eggs in the laboratory.  The Cone-dredge 
sampler collected quantities of sediment close to the sediment-water interface (< 5 cm 
sediment depth).  The sampler was dragged behind the boat until the entire unit was filled 
with sediment (~15 m tow distance required).  Sediment samples were then stored in 5 L 
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plastic containers and kept inundated with oxygenated estuarine water during transport back 
to the laboratory. 
 
Sampling for adult Acartiidae in the plankton was also done at each station, beginning one 
hour after sunset on the same day as sediment samples were collected.  These zooplankton 
samples were collected using slightly modified WP2 plankton nets (57 cm diameter, 200 µm 
mesh) attached to the bow of a small river boat (length = 4.5 m).  Nets were fitted with 
calibrated Kalhisco flow meters (series model 005WA 130) to calculate the volume of water 
filtered.  Catches were transferred to 250 ml plastic containers and preserved with 10% 
buffered formaldehyde.  Water temperature and salinity were measured at the surface, 0.5 m, 
1 m and thereafter at 1 m intervals to the bottom of the water column at each station using a 
YSI sonde series 6 600 multiparameter probe.  
 
7.2.1.2 Laboratory techniques 
Eggs were extracted from the sediment using the Sugar Floatation Method proposed by Onbe 
(1978) and used by Marcus (1989, 1991).  Each sample was rinsed through a 64 µm sieve, 
transferred to a 500 ml centrifuge container and filled to 250 ml with a 1:1 commercial sugar 
solution.  Samples were thoroughly homogenised by shaking before transfer to a Weisman 
Centrifuge.  Samples were centrifuged at 3 000 rpm for three minutes.  The supernatant was 
drained through a 64 µm sieve and the contents inspected under 20 to 100 times 
magnification using a Motic stereo microscope.  All eggs in the sample were counted and 
density expressed as the number of eggs per one square metre of substrate (eggs.m
-2
).   
 
Eggs extracted from sediment samples collected from Station 7 were first kept in a large 
holding tank filled with water similar to in situ conditions at the time of collection 
(temperature = 25ºC; salinity = 25).  After 48 hours, eggs were transferred to three 250 ml 
glass containers.  Filtered (60 µm) seawater pre-treated with ultra violet radiation, was diluted 
with de-ionised water to make up three solutions with salinities 5, 17 and 35.  Salinity of 5 
and 35 represented hypothetical exposure during extraordinary fresh (salinity = 5) and saline 
(salinity = 35) hydrological conditions.  A salinity of 17 represented a hypothetical flood-
recovery scenario, which is typical of the conditions that prevail for up to three days prior to 
returning to an elevated salinity state present most of the time (Station 7 mean ± 1SD (2002-
2006) = 31.25 ± 2.16).  Chambers were filled with 200 ml of a particular solution and kept at 
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25ºC, similar to in situ temperature at time of sampling.  Hatching was monitored daily for 10 
days.  The purpose of this exercise was not directed at monitoring hatching success, but 
rather to use hatched nauplii for identification purposes.  
 
Adults were separated into sexes and numerated by the sub-sampling method described in 
Section 4.2.2 (Chapter 2) and expressed as the number of individuals per cubic metre of 
water (ind.m
-3
).  Sexes were distinguished following descriptions by Connell and Grindley 
(1974).  Two key morphological features were important: the urosome to prosome length, the 
urosome being longer in males compared to females, and the furcal rami.  Females have 
short, curved accessory setae extending laterally from the furcal rami (twice as long as wide), 
while males have a single accessory seta on the left ramus only.   
 
Particle size composition of sediment was determined by dry sieving, following the 
Wentworth or stacking method (Wentworth 1926).  Frozen samples were thawed and dried in 
a Labcon mini-oven at 60ºC for 24 hours.  The sediment was then thoroughly, but gently 
disaggregated, homogenised and passed through a stack of Endecott sieves of sizes relating to 
the phi (φ) scale categories ordered from 1.000 mm, 0.500 mm, 0.250 mm and 0.125 mm 
(Table 7.1).   
 
Table 7.1: Modified Udden-Wentworth grain-size scale categories used in the present study.  
Particle length (mm) refers to the intermediate axial length (dI) of a grain, where the 
categories represent fractions retained by assigned sieve sizes, which determines the size 
classification, simplified by numerals assigned by the phi scale (φ).  Sediment particle size 
was quantified to three broad size categories (coarse, fines and silts). 
 
 
 
Particle length (mm) φ* Classification† Categories
> 1.000 0 very coarse sand
0.500 > 1.000 1 coarse sand
0.250 > 0.500 2 medium sand
0.125 > 0.250 3 fine sand
0.063 > 0.125 4 very fine sand
< 0.063 5-8 coarse to very fine silt
coarse
(φ 0-1)
fine
(φ 2-3)
silt
(φ 4-8)
* The phi scale (φ) is based on the equation φ = -log2 of the grain intermediate axial length [dI (mm)]
   and was proposed by Krumbein (1934, 1938) to convert the grade boundary values from
    fractional numbers to more simple whole numbers (Blair and McPherson 1999).
†
 Sand grade terminology assigned by Wentworth (1922).
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The entire stack was secured on a mechanical shaker and processed for 10 minutes.  The 
sediment was carefully removed from each sieve and weighed using a digital micro-scale and 
the proportion (% contribution) quantified to three broad size categories, i.e. coarse (φ = 0-1), 
fines (φ = 2-3) and silts (φ = 4-8) (Table 7.1).  A receiver tray was fitted below the 0.063 mm 
sieve to retain the finest component (dI < 0.063 mm).   
 
7.2.1.3 Data analysis 
Neither egg nor adult abundance data conformed to the normality (Kolmogorov-Smirnov test 
with Lilliefor’s correction: P < 0.050) and equal variance (Levene’s median test: P < 0.050) 
assumptions for parametric inferential testing, even after rigorous transformation (e.g. log(x + 
1)).  Only non-parametric statistical tests were used to address hypotheses pertaining to egg 
abundance patterns and the relationship to adult numbers.  The Mann-Whitney rank sum test 
was used to determine whether more eggs were encountered in summer compared to winter.  
The test was performed on raw and untransformed data so that each season was represented 
by n = 42.  Spatial patterns in egg density were statistically assessed by grouping stations, a 
priori, into three regions.  The lower region comprised Stations 1 to 3 and creek Stations 1A, 
1B, 2A and 2B; the middle region comprised Stations 4 to 7 and the upper region was 
described by Stations 8 to 10 (Fig. 2.1, Chapter 2).  A Kruskal-Wallis ANOVA on ranks test 
(K-W ANOVA) examined whether the difference between region medians was significant.  
Where significant H values were obtained, the Dunn’s multiple comparison test was used to 
discern which region pairs were significantly different.  Spearman Rank Correlations (rs = 
correlation coefficient) compared egg density values with female and male density values to 
establish whether egg aggregations related to summer and winter “reproduction centres” (area 
of peak adult density, Alcaraz 1983, p 895).  Correlations were performed on station means 
as the sample sizes among groups were unequal when raw data were considered.  A single-
factor correlation approach was selected as the adult classes were highly inter-correlated (Zar 
1999).  
 
A backward-step Multiple Linear Regression (MLR) procedure was used to determine 
whether egg abundance displayed any significant relationships with hydrological physico-
chemical variables and sediment characteristics.  The backward stepwise method was 
preferred over the forward-step (step-up) elimination procedure as the former is less likely to 
produce erroneous results in the presence of inter-correlated relationships between 
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independent variables (Zar 1999).  The procedure starts with all independent variables at Step 
= 0.  Thereafter, the independent variable contributing the least to the model is removed from 
the following step.  The least contributing variable is one for which the calculated F-value 
(One-way Analysis of Variance or ANOVA) is lowest among those lower than the specified 
F-to-remove value (set at 3.9).  The ranked F-values of each remaining variable is then 
checked against the a priori set F-to-enter value (set at 4), where upon those exceeding this 
cut-off are added to the next step.  This process is continued until improvement of the 
prediction on the dependant variable reaches an asymptote.  When the initial ANOVA 
yielded a significant F-value but no significant incremental F-values, the elimination 
procedure was terminated and the null hypothesis of no relationship between independent and 
dependant variable accepted.  Hydrological parameters included integrated and bottom 
measurements of temperature and salinity, while for sediment characteristics all phi-classes 
were included rather than the broad categories specified in Table 7.1.  Null hypotheses were 
rejected at the 95% confidence interval.  Calculations were performed in EXCEL and 
SIGMAPLOT 11.   
 
7.2.2 Egg harvesting and production rates 
Eggs produced and released by Acartiella natalensis were harvested using a method adapted 
from work conducted on Acartia erythraea and Acartia pacifica in the Gulf of Mexico by 
Checkley et al. (1992).  The main aim of this study was to make preliminary observations of 
in situ egg production rates at three depths during four deployment intervals over a 24-hour 
period (31 January to 01 February 2008).  In addition, the study aimed to preserve eggs 
released by females so that these could be compared with eggs collected from the sediment 
during the same sampling period (24 January to 02 February 2008).   
 
Study site 
It was not possible to undertake laboratory based experiments due to the remoteness of the 
Mgazana Estuary relative to the laboratory.  Egg production rates were rather conducted on 
site using a modification of methods previously used by Checkley et al. (1992).  Station 7 
(Fig. 2.1, Chapter 2) was selected as a suitable site because of the relatively high abundance 
of adults consistently recorded in the plankton at this site (see Chapter 6).  Station 7 is 
adjacent to the field laboratory where samples were prepared before the experiment 
commenced.  A floatable pontoon deck extending into the main channel at Station 7 provided 
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a depth range of ca. 1.5 to 3 m, depending on the state of the tide.  The study was undertaken 
during neap tides to reduce tidal effects.  During the experiment, the egg production chamber 
array (see Fig. 7.1) was deployed and retrieved from the pontoon. 
 
 
 
Figure 7.1: Diagram (a) illustrates the arrangement of 12 egg production chambers (3 x 4 
arrangement) along a vertical rope connecting an anchor to a float in the water column at 
Station 7 in the Mgazana Estuary.  Four chambers were respectively attached to three levels, 
viz. near surface, mid-water and just above the sediment.  Components of each chamber are 
shown in diagram (b).  The top compartment held 30 adult Acartiella natalensis specimens, 
which was separated from the egg collection chamber by a 200 µm mesh.  Eggs produced by 
females passed through the 200 µm mesh to collect in the egg chamber.  Keeping the adults 
in isolation eliminated the probability of eggs being consumed by the test specimens.  The 
terminal ends of the unit were sealed with 64 µm mesh allowing water to move through the 
unit while eliminating contamination from the surrounding water column. 
 
 
Pre-treatment 
Adults were isolated from samples collected with the WP2 nets at Station 7 at regular 
intervals throughout the duration of the experiment.  Catches were immediately transferred to 
a 5 L bucket filled with estuarine water previously filtered through a 64 µm sieve.  Larger 
predatory organisms such as Isopoda, Mysida, Chaetognatha and ichthyoplankton were 
therefore removed from samples.  Buckets containing the experimental animals were kept at 
room temperature (range = 22-24ºC) and were aerated with portable air pumps.  Small 
volumes of water were transferred to petri dishes for examination using wide-bore pipettes.  
Groups of 30 individuals were isolated from the petri dishes into 48 ml plastic vials 
containing filtered (64 µm) estuarine water for transport to the deployment site.  Filtration 
through a 64 μm mesh excluded eggs naturally suspended in water taken from the sampling 
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site.  Although the size ranges of Acartiella natalensis eggs are yet to be defined, preliminary 
studies estimate egg diameter measuring between 75 and 80 μm (pers. communication, H. L. 
Jerling).  A study on the morphology of laboratory reared eggs from seven Acartiidae species 
collected from the Salento peninsula (southeast Italy) and the Venice Lagoon, reported a size 
range of 65.3-78.9 μm diameter (Belmonte 1998).  A mesh size of 64 μm was therefore 
assumed to be efficient for the retention and/or exclusion of A. natalensis eggs in the present 
study.  At all times, specimens were handled carefully to prevent damage and to minimise 
risk of decreased fitness.    
 
The use of a stereo microscope was not considered for sorting, as the light source increased 
the temperature of the sorting medium, resulting in mortality within minutes.  Instead, 
subjects were sorted on a table top using a LED-light.  This method did not allow isolation of 
females only and males accounted for a proportion of each batch of 30 individuals.   
 
Chamber array design 
Twelve egg production chambers were connected to a nylon rope fixed to a float (surface) 
and an anchor (bottom) to form a single egg harvesting chamber array (Fig. 7.1).  Four 
chambers were arranged at each of three depth levels in the water column, so that n = 4 for 
each level.  The first series of four chambers (Samples 1a to 1d) were positioned just below 
the surface, the second (Samples 2a to 2d) at mid-depth (depth range = 1.62-2.75 m) and the 
bottom group (Samples 3a to 3d) were positioned directly above the anchor close the 
sediment-water interface.  A chamber comprised two modified plastic containers; a 500 ml 
egg chamber and a 1 000 ml specimen chamber (Fig. 7.1b).  A 70 mm opening was cut in 
each of the screw-on lids and a spherical segment (80 mm diameter) of 200 µm mesh glued 
between the lids to create a single vertical unit connecting the inverted specimen (top) and the 
bottom egg chamber as illustrated.  This way, adults were separated from the eggs collecting 
in the bottom chamber to keep egg cannibalism to a minimum (Holste and Peck 2006, Camus 
and Zeng 2009).  The terminal ends of each chamber were sliced open and fitted with 64 µm 
mesh (70 mm diameter).  This allowed estuarine water to flow through the unit and prevented 
contamination of the chambers by larger organisms.  The through-flow system therefore 
maintained water quality within the chambers at in situ conditions.   
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Deployment procedure 
The incubation process comprised four deployment periods, each lasting two hours, 
performed over a 24-hour period.  The egg production chamber array was deployed once all 
chambers were loaded with 30 adults.  The first deployment commenced at 13:00 and was 
left in the water until 15:00 to complete an incubation period of two hours.  At the end of the 
incubation period the chambers were carefully removed and allowed to drain.  The contents 
from the adult and egg chambers were each washed with filtered (64 µm) estuarine water 
onto a 64 µm screen, and bottled and preserved with 10% buffered formaldehyde for further 
inspection in the laboratory.  Temperature and salinity were monitored in the water column 
(surface to bottom, 0.5 m depth intervals) throughout the incubation period with an YSI 
sonde series 6 600 multiparameter probe.  After each deployment period, additional  adults 
were collected from the water column at Station 7 and prepared for the next deployment 
according to the methods outlined in the ‘Pre-treatment’ section (vide supra).  The second 
incubation period started at 19:00 and lasted until 21:00, the third from 01:00 to 03:00 and 
the fourth from 07:00 to 09:00 the following day.   
 
Laboratory analysis 
Adults removed from preserved samples were sexed and enumerated.  Females were 
carefully examined for physical damage using a Motic stereo microscope.  Damaged 
individuals were not factored into egg production rate calculations.  The contents from the 
egg chambers were carefully examined under higher magnification (50-100×).  Total sample 
counts were conducted and the production rates expressed as the number of eggs produced 
per female per day (eggs.f
-1
.d
-1
) using the equation given by Burdloff et al. (2002): 
 











 

TF
NE
EPR
24
 Eq. 7.1 
 
Where EPR is the egg production rate (eggs f
-1
 d
-1
), E the number of eggs produced, N the 
number of nauplii, F the number of females and T the incubation period in hours (hrs).   
 
Data analysis 
Due to insufficient replication over time (e.g. summer vs. winter) and between tidal 
conditions (e.g. spring vs. neap), no inferential testing was conducted on data originating 
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from this exercise.  The objective was aimed at providing preliminary information on egg 
production in relation to time of day and depth.   
 
7.3 Results 
7.3.1 Physico-chemical conditions 
Salinity measured during both sampling seasons indicated a strong freshwater influence as 
salinity decreased from Station 8 to Station 10 near the head of the estuary (Fig. 7.2c, d).  The 
mean (± 1SD) salinity measured in the upper estuary was 10.6 ± 5.7 and 17.5 ± 13.0 in 
February and July respectively.  These values were lower when compared to mean summer 
values recorded between 2002 and 2006 (see Chapter 3).  Temperature values recorded in 
February 2008 were typical of the season with little or no gradient between the lower and 
upper estuary (Fig. 7.2a).  Temperature values recorded in July 2008 was lower than the five-
year average (2002-2006 mean ± 1SD = 18.5 ± 1.0ºC) and ranged from 14.5ºC to 16.5ºC 
(Fig. 7.2b).   
 
Sediment characteristics of the Mgazana Estuary varied little between February and July 
2008, both in terms of distribution of grain size classes between the mouth and the head of 
the estuary (Fig. 7.3a, b) and composition at each sampling station (Fig. 7.4a, b).  Medium to 
fine sand (referred to as fines) formed the dominant component (> 50% of total) up to Station 
7 (~4.6 km upstream) (Fig. 7.4a, b).  Upstream of Station 7, coarse to very coarse sand 
contributed the largest component (composition range = 53-76%).  Coarse material showed a 
marked trend of increasing proportion upstream (Fig. 7.3a, b).  Fines, by contrast were more 
evenly distributed, decreasing sharply in the upper estuary (Fig. 7.3a, b).  The middle estuary, 
particularly Stations 3 to 5 contributed the greatest proportions of silts.  Up- and downstream 
of this area silts contributed < 10% to the total composition of sediment (Fig. 7.4a, b).  
Compared to other areas, the estuary between Stations 3 and 5 (~0.8 km stretch) is deeper 
(depth range = 2-5 m) and wider (width range = 76-198 m).  
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Figure 7.2: Integrated summer (a, c) and winter (b, d) temperature (a, b) and salinity (c, d) 
measured in February and July 2008 (open circles) at fourteen stations in the Mgazana 
Estuary, plotted in conjunction with average integrated measurements for the five-year period 
2002 to 2006 (closed circles) against station distances from the sea.  Station numbers are 
given in plots (c) and (d).  The 2008 measurements show a marked decrease in salinity values 
from Station 8 to 10, indicating freshwater influence.  Temperature measured in February 
2008 followed the seasonal trend, while winter values were considerably lower than the 
seasonal mean.  
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Figure 7.3: Proportional distribution (%) of coarse sediments (φ 0-1), fine sediments (φ 2-3) 
and silts (φ 4-8) from the mouth (Station 1A) to the upper estuary (Station 10) in February 
2008 (a) and July 2008 (b).  For each category, the red bar represents the station of maximum 
contribution along the estuary.  There was very little variation between February and July in 
the horizontal distribution of each category.  On both occasions, coarse sediments peaked 
from Station 7 to 10, while fines were more evenly distributed throughout the estuary.  Silts 
peaked at Station 4 and to a lesser extent at Stations 2, 3, 5 (both occasions) and 7 (July).  
 
 
 
 
Figure 7.4: Proportional contribution (%) of coarse sediments (φ 0-1), fine sediments (φ 2-3) 
and silts (φ 4-8) to the composition of sediments sampled in February 2008 (a) and July 2008 
(b) at fourteen stations in the Mgazana Estuary.  Fines dominated much  of the composition 
(>50%) from the mouth to Station 7, while coarse sediments dominated Stations 8 to 10 in 
the upper estuary.  Silts were by composition the smallest component, at most contributing 
29% at Station 4.  
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7.3.2 Abundance and distribution of eggs in sediments 
Eggs were widely present but unevenly distributed along the main channel of the Mgazana 
estuary and were recorded during both sampling sessions (Table 7.2).  In summer, eggs were 
only absent from Station 1A (Creek 1) (Fig. 7.4a, c, e), while in winter, no eggs were found 
in Creek 1 and Station 1 (Fig. 7.4b, d, f).  Egg densities were higher in winter (mean ± 1SD = 
12 126 ± 13 932 eggs.m
-2
) compared to summer (8 791 ± 10 198 eggs.m
-2
).  The maximum 
density in summer was recorded at Station 7 (38 197 eggs.m
-2
), while in winter maximum 
aggregation of eggs was recorded at Station 5 (46 685 eggs.m
-2
).  Summer egg density 
upstream and downstream from Station 7 in summer was significantly lower (Dunn’s: lower 
vs. middle, Q = 4.091, P < 0.05; middle vs. upper, Q = 3.417, P < 0.05) in comparison to 
winter (Table 7.2).   
 
Table 7.2: Seasonal variation in mean (± 1SD) density of eggs between estuary regions.  The 
non-parametric Kruskal-Wallis ANOVA on Ranks test for significant differences between 
regional medians showed that eggs were significantly unevenly distributed among regions.  
Lower case letters indicate homogeneous groups as revealed by Dunn’s multiple comparison 
method conducted a posteriori.   
 
 
 
 
The distribution and abundance of eggs closely followed spatial patterns of adult Acartiella 
natalensis distribution (Fig. 7.5, y1- and y2-axis respectively).  All pairwise correlations 
resulted in significant relationships (Fig. 7.5).  Egg density values compared to seasonal 
trends in adult abundance indicated stronger associations for summer data series (rs = 0.692, 
P = 0.006) compared to the winter series (rs = 0.576, P = 0.026).  Adult females were more 
abundant relative to males during both seasons (Fig. 7.5a-d).  
Lower Middle Upper H P
February 2008
mean ± 1SD
max (station)
3 789 ± 4 570
a
9 549 (2A)
21 221 ± 14 321
38 197 (7)
3 890 ± 5 462
a
6 366 (8)
19.800 < 0.001
July 2008
mean ± 1SD
max (station)
5 305 ± 10 133
a
23 343 (3)
27 322 ± 18 484
b
46 685 (5)
7 781 ± 9 696
a,b
16 977 (8)
17.509 < 0.001
Estuary region Kruskal-Wallis ANOVA
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Figure 7.5: The density of eggs in sediment samples in February 2008 (a, c, e) and July 2008 
(b, d, f) at 14 stations in the Mgazana Estuary.  The spatial distribution of eggs is compared 
(Spearman Rank Correlations) to the number of Acartiella natalensis adult males (a, b) and 
females (c, d) sampled in the water column at each station in the same season.  Egg density 
values were also compared to seasonal trends in the abundance of summer (2002-2006) (e) 
and winter (2002-2006) (f) populations (cf. Chapter 6).  Correlation analyses indicated strong 
agreement between eggs and adult distribution and abundance.   
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Figure 7.6: Spline-area curves comparing the density of Acartiella natalensis at 14 stations in the Mgazana Estuary between: (a) abundance in 
February 2008 (red) and the summer trend (grey); (b) abundance in July 2008 (blue) and the winter trend (grey).  Summer and winter trends 
represent the station means calculated from five summer estimates (2002-2006) and five winter estimates (2002-2006).  Integers in boldface 
represent the station number where population numbers was maximal (reference lines to y-axis and corresponding magnitude of density shown).  
Arrows on top of plots indicate the direction of departure of the February and July population peaks from that of the seasonal means.  The 
distance (km) between locations of these population peaks are also shown.  Acartiella natalensis showed limited distribution in July 2008 and 
was considerably less abundant compared to the seasonal trend.    
 
(a)
Distance from the sea (km)
1 2 3 4 5 6
A
d
u
lt
 d
en
si
ty
 (
x
 1
0
3
 i
n
d
.m
-3
)
0
10
20
30
40
50
60
Summer mean 
(2002-2006, n = 5)
February 2008
6
5
54 494 ind.m
-3
43 873 ind.m
-3
0.77 km upstream (b)
Distance from the sea (km)
1 2 3 4 5 6
A
d
u
lt
 d
en
si
ty
 (
x
 1
0
3
 i
n
d
.m
-3
)
0
5
10
15
20
25
30
Winter mean 
(2002-2006, n = 5)
July 2008
10
511 676 ind.m
-3
25 500 ind.m
-3
2.84 km downstream
Chapter 7 
 181 
In February 2008 the maximum density of 54 494 ind.m
-3
 recorded at Station 6, exceeded the 
seasonal peak of 43 873 ind.m
-3
 at Station 5 (Fig. 7.6a).  In July 2008, adult numbers were 
lower compared to other years (Fig. 7.6b).  During this time, Acartiella natalensis was 
relatively scarce throughout the estuary except at Station 5 where 88% of all the adults were 
recorded (Fig. 7.5b, d; 7.6b).  The signal at Station 5 (11 676 ind.m
-3
) was spatially far 
separated (~2.84 km) from the winter population centre of distribution (Station 10) (Fig. 
7.6b).   
 
7.3.3 Relationships between environmental variables and egg density 
Backward stepwise multiple linear regressions indicated that integrated (Beta = 1.036, P = 
0.029) and bottom measurements of temperature (Beta = -1.335, P = 0.008) displayed a 
significant relationship with egg density values recorded in February 2008 (Table 7.3).  There 
was no significant relationship between sediment particle size categories and the distribution 
of eggs in the February 2008 data series.   
 
Table 7.3: Multiple linear regressions (backward stepwise) of hydrological and sediment 
variables with benthic egg distribution for February 2008 and July 2008.  Only those 
variables significantly adding to the ability of the equation to predict egg density are shown.  
Hydrological and sediment variables were entered into separate models due to the restriction 
of the number of independent variables (required n < 7) on the sample size of the dependant 
variables (n = 14).  Temperature resulted in significant relationships with both February and 
July egg counts. 
 
 
 
 
Independent 
variable categories
r
2 F P Significant variable(s) Beta P
February 2008
   Hydrological 0.364 5.329 0.024 Integrated temperature 1.036 0.029
Bottom temperature -1.335 0.008
   Sediment - - - - - -
July 2008
   Hydrological 0.346 6.338 0.027 Bottom temperature 0.588 0.027
   Sediment 0.652 10.302 0.003 φ4: very fine sand 1.151 <0.001
φ5-8: silt -0.661 0.024
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The distribution and abundance of eggs collected in July 2008 showed significant 
relationships between bottom temperature (Beta = 0.588, P = 0.027), very fine sand (Beta = 
1.151, P < 0.001: best result) and silts (Beta = -0.661, P = 0.024).  Measurements of salinity 
were eliminated from all equations indicating no relationship with egg distribution. 
 
7.3.4 Benthic eggs: preliminary observations on morphology and viability  
In the laboratory, two types of eggs were distinguished from sediment samples collected at 
Station 7 in February 2008 (Fig. 7.7).  The majority of eggs appeared to have smooth outer 
membranes with well-defined chorions (extravitelline space visible) (Fig. 7.7a).  The outer 
membranes of the smooth eggs were notably translucent, allowing easy viewing of their 
content.  The inner content reflected a uniform mass but occasionally appeared to be 
polarised.  Small protrusions from the outer membranes, visible under high magnification 
(400× magnification) were observed for some of the smooth eggs.   
 
 
 
Figure 7.7: Micrographs of eggs extracted from the sediment at Station 7 in the Mgazana 
Estuary in February 2008.  Micrograph (a) represents the majority of the eggs extracted.  The 
outer membranes of these were smooth and translucent in appearance with the extravitelline 
space clearly visible.  Micrograph (b) provides an example of dense, dark brown eggs that 
were also extracted from samples.  The perivitelline space was not visible in dark eggs and 
the majority were either ruptured or shaped amorphically.  Both types were similar in size, 
ca. 80 µm in diameter.  Micrographs were taken with a Motic Microscope Digital Camera at 
400× magnification.  
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A small minority of the eggs were dark brown in colour and appeared to be dense (Fig. 7.7b).  
Chorions were not visible and membrane surfaces seemed to be rough and granular.  Dark 
eggs were often ruptured, dented, or irregularly shaped.  This may be an indication of non-
viability, observed at various stages of degradation.  Both varieties were similar in size (~80 
µm diameter).  
 
Summer eggs incubated at a temperature of 25ºC and salinity of 17, started hatching after 
three days and continued to hatch until the observation period was terminated after ten days.  
Eggs incubated in a salinity of 5 and 35 did not hatch during the observation period.  In 
addition, smooth eggs that did not hatch showed no signs of degradation or damage during 
the period of observation.  None of the dark-brown eggs hatched.  Nauplii were identified as 
species of the family Acartiidae but could not be reared further under laboratory conditions to 
confirm whether in fact they were nauplii of Acartiella natalensis.  All nauplii reflected the 
same morphological features, indicating that they were of the same species.   
 
7.3.5 Preliminary observations on egg production rates 
Temperature and salinity measured during incubation varied in relation to ebb and flow of the 
tides (Fig. 7.8).  The water column in the estuary where chambers were deployed reflected 
marked temperature and salinity stratification (Fig. 7.8a, b).  Temperature and salinity were 
most variable near the surface ranging from 26.5ºC to 29.5ºC and from 11.6 to 20.0 
respectively.  By contrast, bottom measurements were relatively stable throughout the 
observation period, temperature ranging from 21.2ºC to 21.9ºC and salinity from 35.5 to 36.3 
(Fig. 7.8).   
 
Acartiella natalensis produced eggs throughout the 24 hr observation period (Fig. 7.8b).  The 
appearance of these eggs was similar to the smooth eggs extracted from the sediment 
collected at Station 7; both in terms of size and morphology (see Fig. 7.6a).  More eggs were 
produced at night compared to the day-time (Fig. 7.9c).  The mean (± 1SD) egg production 
rate (EPR) for the observation period was 5.8 ± 7.6 eggs f
-1
 d
-1
 (n = 48) and ranged from none 
produced to 41.3 eggs f
-1
 d
-1
.  Production rates peaked at night between 01:00 and 03:00, in 
the middle of the water column (22.4 ± 13.2 eggs f
-1
 d
-1
).   
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Figure 7.8: Variation in surface (blue), bottom (red) and integrated (vertical mean ± 1SD) 
measurements (black) of temperature (a) and salinity (b) during four incubation periods 
wherein the egg production rates of Acartiella natalensis females were monitored at Station 7 
in the Mgazana Estuary in February 2008.  Tidal status associating with each period is 
shown: LT = low tide; HT = high tide.  
 
 
No eggs were recovered from between 13:00 and 15:00.  Forty-one percent of eggs were 
produced in chambers located at middle depth levels, 33% from chambers located near the 
bottom of the water column and 26% from chambers near the surface.  Variability in 
production rates was highest at mid-depth level in the water column (mean ± 1SD = 7.1 ± 
11.1 eggs f
-1
 d
-1
) and at night between 01:00 and 03:00 (11.3 ± 10.9 eggs f
-1
 d
-1
). 
 
The variability in production rates could not be related to any of the variables monitored 
during the observation period.  Production rate peaked over the low tide lag phase between 
01:00 and 03:00 when the water column was relatively mixed in terms of temperature and 
salinity. 
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Figure 7.9: A comparison of mean (± 1SD) in situ egg production rates by Acartiella 
natalensis females between incubation periods (a), depth levels (b) and light period (c).  
Mean values (boldface) and sample sizes (parentheses) from which the means were 
calculated are shown.  Tidal level: LT = low tide; HT = high tide.  Peak production rates 
occurred at mid-channel depth and at night from 01:00 to 03:00. 
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7.4 Discussion 
Up to 50 Calanoida species (see reviews by Grice and Marcus 1981, Uye 1985, Dahms 1995, 
Marcus 1996), including 17 species of the family Acartiidae (e.g. Uye 1981, Belmonte and 
Puce 1994, Belmonte 1998) produce resting eggs as a form of dormancy.  Temperature-
dependant dormancy in Copepoda is reported from a diversity of northern hemisphere 
habitats that include coastal marine waters (Chen and Marcus 1997, Katajisto et al. 1998, 
Uriarte and Villate 2006, Sun et al. 2008), estuaries (Marcus et al. 1994, Burdloff et al. 2002, 
Masero and Villate 2004) and freshwater lakes (De Stasio 1989, Hairston et al. 1990, Ban 
and Minoda 1992, Bailey et al. 2004).   
 
Earlier reviews (Grice and Marcus 1981, Uye 1985) distinguished two types of resting eggs 
based on their mode of development, i.e. quiescent and diapausing eggs.  Subitaneous eggs 
hatch immediately, or become quiescent in sediments when conditions are not conducive for 
hatching.  Quiescence is terminated once conditions become suitable.  By contrast, diapause 
eggs only hatch after a mandatory period, referred to as the refractory phase, triggered by 
specific environmental factors (Grice and Marcus 1981).  Diapause eggs remain dormant for 
periods that may last for years (Marcus 1980, 1982, Hairston et al. 1995, Katajisto 1996, 
Hairston and Kearns 2002), even if environmental conditions become favourable during that 
time.   
 
Egg viability depends on the vertical distribution in the sediment in relation to levels of 
anoxia driven by sulphur concentrations of the sediment pore-water (Marcus et al. 1994, 
Hairston and Kearns 2002, Hall and Burns 2002, Kurihara et al. 2004).  Eggs near the 
sediment-water interface are more likely to hatch under favourable conditions compared to 
eggs trapped in deeper sediment layers (Ban and Minoda 1992).  Benthic organisms such as 
polychaete worms may act as bioturbation agents by relocating eggs from the deeper layers 
towards the sediment-water interface.  Eggs are ingested, but not digested and deposited in a 
viable state where conditions may be favourable for hatching (Marcus and Schmidt-
Gegenbach 1986).  In estuaries, temperature, salinity and photoperiod are important 
controlling factors cuing the termination of diapause (Kasahara et al. 1975a, Landry 1975a, 
1975b, Marcus 1996, Belmonte and Pati 2007), which may result in synchronised hatching as 
favourable conditions commence (Sullivan and McManus 1986, Hairston et al. 2000).   
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Marcus (1996) explains that the induction of diapause is preceded by one or more 
environmental cues before the immediate environment deteriorates.  Factors inducing 
dormancy in Copepoda range from food quality or quantity, to population parameters, 
temperature and photoperiod (Ban 1992, Hairston and Kearns 1995, Chinnery and Williams 
2003).  Acartia bifilosa, for example, is one of five congeners of the genus Acartia 
dominating the zooplankton within the South Hampton Water Estuarine Ecosystem on the 
southern coast of the United Kingdom (Castro-Longoria and Williams 1996).  The production 
of diapause eggs occurs two months prior to the disappearance of the species from the 
plankton between July and October (Castro-Longoria and Williams 1999).  A. bifilosa 
appears in the plankton early autumn, during which time mostly subitaneous and delayed-
hatch subitaneous eggs are produced.  The species starts producing diapause eggs once 
temperatures starts increasing from its seasonal minima around 8ºC, and continues to produce 
diapause eggs up to a temperature threshold of ca. 16ºC at the onset of spring (Castro-
Longoria and Williams 1999).  Temperature was regarded as the most important 
environmental cue triggering the production of diapause eggs, while photoperiod and 
predation were identified likely causes for the abrupt switch from production of subitaneous 
to diapause eggs.   
 
Eggs produced by various planktonic Copepoda from the subtropical waters of Turkey Point, 
Florida hatched gradually over time ranging from 1 to 81 days (Chen and Marcus 1997).  
These were termed delayed-hatching eggs, being different from subitaneous quiescent and 
diapause developmental modes.  Delayed-hatching was thought to be an adaptive response to 
erratic, unpredictable changes in the environment typical of subtropical and tropical waters 
(Chen and Marcus 1997).   
 
Temperature and salinity are regarded as the two most important environmental variables 
influencing spatial distribution and temporal occurrence of estuarine Copepoda (Jeffries 
1962, 1964, Lance 1963, Knatz 1978, Greenwood 1981, Madhupratap 1987, Martin 1988, 
Wooldridge and Deyzel 2009a).  Temperature variations in estuaries in the northern 
hemisphere for example lead to unfavourable seasonal conditions when entire Copepoda 
populations disappear from the plankton until favourable conditions again return (key studies: 
Jeffries 1962, Collins and Williams 1982, Fulton 1984).   
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In tropical estuaries, temperature fluctuations between seasons are relatively minor.  Instead, 
estuarine Copepoda experience periods of fast flowing currents and low salinity conditions at 
times of high seasonal rainfall.  For example, estuarine Copepoda, including three Acartiidae 
species, (Acartia centrura, A. bowmani and A. bilobata) disappear from the Cochin 
backwaters on the southwest coast of India during the monsoon season and only appear once 
the salinity gradient is re-established (Madhupratap 1987).  A similar pattern of temporal 
distribution of Copepoda populations was reported for subtropical inland waters in the Gulf 
of Mexico (Marcus 1989, Chen and Marcus 1997) and in a small subtropical Australian 
estuary experiencing regular flooding (Newton and Mitchell 1999).  While dormant eggs are 
still to be confirmed for tropical systems, dormancy in subtropical systems is described for 
some (e.g. Marcus 1989, Chen and Marcus 1997, Newton and Mitchell 1999).   
 
In the present study, Copepoda eggs were recovered from sediments in the Mgazana Estuary 
during both summer and winter.  Two distinct morphological types were recovered, viz. 
smooth, translucent eggs and dark, dense eggs.  Subitaneous and diapause eggs exhibit 
considerable intra- and inter-specific diversity in morphology (Kasahara et al. 1974, Marcus 
1990, Chen and Marcus 1997).  Belmonte (1998) for example, distinguished three major 
membrane types enveloping subitaneous eggs produced by seven Acartiidae species under 
laboratory conditions.  These were described as smooth, bumped and spiny.  Eggs produced 
by Acartia adriatica and A. margalefi appeared smooth under the light microscope, while 
scanning electron microscopy (SEM) confirmed the presence of fine bumps or dots covering 
the membranes.  Acartia italica, A. tonsa and Paracartia latisetosa produced eggs coated 
with spines that often protruded 7 µm from the outer membrane.  Eggs extracted from 
Mgazana sediments did not show any indication of spines, although numerous dots or bumps 
were visible under 400 times magnification in some eggs recovered (Fig. 7.10).  Dark eggs 
from the sediments of the Mgazana Estuary, by contrast portrayed rough membranes that 
were almost always associated with an accumulation of extrinsic material on the outer 
margins (see Fig. 7.7b).  None of the dark eggs hatched during preliminary laboratory 
experiments and were ultimately terminated after three weeks.  It is hypothesised that these 
eggs were damaged and non-viable due to their irregular shapes and seemingly torn outer 
membranes.  Kasahara et al. (1974) made similar observations of one of three varieties of 
Tortanus forcipatus eggs isolated from sediment collected from the Seto Inland Sea, Japan.  
Kasahara et al. (1974, p167) described the outer membranes as “flat”, “disc” like, “torn” and 
“folded”.   
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Figure 7.10: Micrograph of an egg extracted from sediments in February 2008 from the 
Mgazana Estuary in the vicinity of Station 7.  Numerous dots or bumps (terminology after 
Belmonte 1998) appear to be present on the surface of the outer membrane (black arrows).  
Micrograph taken under 400× magnification using a Motic Microscope Digital Camera 
(focus adjusted for optimal viewing of surface structure).   
 
 
These authors concluded that the morphology of these eggs was a direct consequence of 
prolonged periods in benthic environments where sand particles are likely to be responsible 
for damage to the outer membrane.  They also noted that Tortanus forcipatus eggs of this 
type were predominantly covered with detrital particles, similar to the dark eggs from 
Mgazana Estuary.   
 
Whether the dark eggs viewed in the present study were representative of diapause forms are 
not clear.  Their external features suggest non-viability attributable to prolonged periods 
spent in the benthic environment.  As only a few dark eggs remained intact during the 
hatching observation period, non-viability was accepted as the most likely reason for the 
observed status of the eggs.  By contrast, smooth eggs incubated at 22ºC and at a salinity of 
17 (near ambient at time of sampling) started hatching after 72 hours and continued to hatch 
up to 10 days after the experiment started.  Similar hatching periods for subitaneous eggs 
under optimal conditions are reported for other Acartiidae species.  For example, most 
subitaneous eggs spawned by Acartia bifilosa, a cold water species from Southampton Water, 
hatched between 24 and 72 hours from the start of observations and continued hatching up to 
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five days at temperatures above 10ºC and salinity above 25 (Castro-Longoria and Williams 
1999).   
 
Eggs produced by Acartiella natalensis females in incubation chambers under in situ 
conditions were similar in appearance to the smooth eggs extracted from Mgazana sediments.  
Acartiella natalensis produced eggs at rates ranging from 0.6 to 41.3 eggs f
-1
 d
-1
.  These rates 
were within range of values recorded for other Calanoida species (Table 7.4).   
 
Table 7.4: Egg production rate (EPR) per female per day of Acartiella natalensis females 
observed in the present study compared with rates reported for selected free-spawning 
Calanoida Copepoda.  Incubation temperatures (Temp = temperature, ºC) and geographic 
area (Lat = latitude, Long = longitude) where adult specimens were collected are also listed.  
Table content adapted from Mauchline (1998). 
  
 
 
 
Egg production rates are influenced by numerous factors, the quality and quantity of food 
apparently being most important (Ambler 1986, Kleppel and Burkart 1995, Calbet and 
Species Temp 
(ºC)
EPR
(eggs.f 
-1
.d
-1
)
Geographic area Lat. Long. Authority
Acartiella natalensis 21
mean = 6
 max = 41
Mgazana Estuary, RSA 31º41'S 29º25'E Present study
Acartia bifilosa 20 11 Southampton Water, UK 50º49'N 1º17'W
Castro-Longoria & 
Williams 1999
A. clausi 15 23 Onagawa Bay, Japan 38º25'N 141º30'E Uye 1981
A. hudsonica 15 20 Bedford Basin, Canada 44º4'N 63º38'W Sekiguchi et al.  1980
A. omorii 10 - 25 38 Ilkwang Bay, Korea 35º15'N 129º14'E Kang et al. 2007
A. steueri 15 17 - 37 Onagawa Bay, Japan 38º25'N 141º30'E Uye 1981
A. tonsa 15 22 East Lagoon, Texas, U.S.A 29º19'N 94º45'W Ambler 1986
Calanus finmarchicus 0 - 8 0.7-24.3 Gullmarsfjorden, Sweden 58º15'N 11º27'E
Titelman & 
Tiselius 1998
Centropages hamatus 0 - 8 20 Gullmarsfjorden, Sweden 58º15'N 11º27'E
Titelman & 
Tiselius 1998
Paracalanus parvus 0.1 - 27.4 61 Jiaozhou Bay, China 35º43'N 120º04'E Sun et al. 2008
Pseudocalanus sp. 0 - 8 0.20 - 17.6 Gullmarsfjorden, Sweden 58º15'N 11º27'E Titelman &
 Tiselius 1998
Temora longicornis 0 - 8 1.3-10.7 Gullmarsfjorden, Sweden 58º15'N 11º27'E Titelman & 
Tiselius 1998
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Alcaraz 1996, Schmidt et al. 1998, Devreker et al. 2005, Youn 2007).  Other drivers include 
photoperiod (Landry 1975b, Marcus 1980, Chinnery and Williams 2003), temperature (Uye 
1981, Sullivan and McManus 1986, Kiørboe et al. 1988, Chinnery and Williams 2003), 
hypoxia (Kurihara et al. 2004, Sedlacek and Marcus 2005) and predation pressure (Saiz et al. 
1993). 
 
Nauplii hatched from these eggs under laboratory conditions were identified as species of the 
family Acartiidae.  Failure to rear the nauplii to copepodid phases prevented positive 
identification to species level.  Acartiella natalensis, Pseudodiaptomus hessei and 
Halicyclops denticulatus rank among the three most important zooplankton species in the 
Mgazana Estuary (Wooldridge 1977, cf. Chapter 4).  By contrast, Paracartia longipatella, a 
common resident in warm- (e.g. Wooldridge and Melville-Smith 1979) and cool-temperate 
estuaries (Montoya-Maya and Strydom 2009, Wooldridge and Deyzel 2009a) are seldom 
recorded in the Mgazana Estuary and if present, occur only in winter (Wooldridge 1977).  
Nauplii hatched in the laboratory during the present study were therefore concluded to be A. 
natalensis.  
 
The distribution and abundance of eggs in the sediments of the Mgazana Estuary, closely 
matched adult spatial patterns.  Populations sampled in July 2008 were less abundant 
compared to numbers normally observed in winter.  The species was sparsely distributed 
throughout the estuary except at Station 5 where numbers exceeded 10 000 ind.m
-3
.  The July 
sampling session was carried out approximately one month after the estuary was flushed.  It 
is probable that populations were still in a state of recovery, particularly under cooler winter 
temperatures (mean = 15ºC).  Since the abundance peak in July 2008 at Station 5 (3.3 km 
upstream) was spatially distant from the winter population centre of distribution at Station 10 
(6.1 km), it was concluded that Station 5 was the location from where re-colonisation of this 
species into the plankton commenced.  Station 5 also represented the site where most eggs 
were present in July and it is suggested that recruitment into the plankton originated from 
benthic eggs rather than from surviving adults from elsewhere in the estuary or even the 
nearshore as Achuthankutty et al. (1998) observed for estuarine plankton of Goa, India.  The 
south-west or summer monsoon season is an annual occurrence that affects the west-coast of 
India for up to four months from May to September (Madhupratap 1987).  During this time 
estuaries such as the Mandovi (15º28’N, 73º46’E) and Zuari (15º26’N, 73º46’E) remain near 
fresh in consequence to heavy rainfall and runoff (Achthankutty et al. 1998).  Estuarine 
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zooplankton species remain in the coastal waters throughout the monsoon season and re-
colonise the estuary only once conditions become favourable during the dry months (October 
to May).   
 
Flooding of the Mgazana Estuary occurs throughout the year and events are comparatively 
short-lived (Van Niekerk and Huizinga 2007, cf. Section 2.4, Chapter 2).  The low population 
numbers of Acartiella natalensis populations associating with floods observed in the present 
study suggests that this species is severely impacted by floods (Chapter 6).  Whether 
populations presumably flushed from the system are able to prevail in the nearshore long 
enough to re-colonise the estuary is currently unknown.  Observations during sampling 
sessions coinciding with floods in the present study indicate that freshwater plumes rarely 
persisted for longer than one to two days in the coastal waters adjacent to the mouth.  Plumes 
of estuarine water consistently shifted north-eastward in an alongshore direction as flood 
tides started penetrating the estuary past the rocky promontory characterising the southern 
perimeter of the Mgazana mouth (Fig. 7.11).  Coastal water of reduced salinity and high 
turbidity (plume) is thus not pushed back into the estuary but rather forced along the 
shoreline in a north-eastward direction (Fig. 7.11b, c).  To the author’s knowledge, direct 
studies in coastal waters near Mgazana Estuary on general physical oceanographic 
parameters (including current dynamics) are still to be conducted.  However, a recent study 
by Roberts et al. (2010) provides convincing evidence in support of the north-eastward 
flowing hypothesis proposed in the present study.   
 
These authors identified a north-eastward flowing current occurring in the nearshore between 
Rame Head (~14 km south of Mgazana Estuary) and Waterfall Bluff (~48 km north).  Data 
were collected using a ship-borne Acoustic Doppler Current Profiler on a southward bound 
track (Richards Bay to Port Elizabeth) passing near Mgazana Estuary (as shallow as 30m 
depth contour).  Current velocities showed a decreasing trajectory towards Waterfall Bluff, 
peaking near Port St Johns (~20 km north of Mgazana Estuary) at 78 cm s
-1
.  The current, 
they argue, is driven by the Port St Johns-Waterfall Bluff cyclonic eddy that results from the 
shoreward movement of the fast-flowing Agulhas Current onto the narrow Pondoland Shelf.  
The eddy is not a permanent feature and was found to last up to 35 days, from which can be 
assumed that the north-eastward flowing current is non-permanent as well.   
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Figure 7.11: Schematic diagram based on field observations of the behaviour of the river 
plume during and after a flash flood from the Mgazana Estuary. 
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Results presented by Roberts et al. (2010) may well serve as an explanation as to why the 
plume was consistently observed to move north-eastward and away from the mouth of the 
Mgazana Estuary.  It was therefore concluded that populations of Acartiella natalensis are 
unlikely to re-colonise the estuary from the coastal waters, as these populations are most 
likely moved alongshore and north-eastwards, presumably with the prevailing nearshore 
currents. 
 
Assuming the north-eastward hypothesis holds true, then the possibility of re-population from 
other Acartiella natalensis populations washed from estuaries south of Mgazana needs to be 
considered also.  Between the permanently open Mtakatye (31º51’S, 29º16’E) and Mgazana 
estuaries are situated five small temporarily open/closed estuaries, namely (north to south): 
the Sinangwana (31º44’S, 29º22’E), Mpande (31º45’S, 29º21’E), Mtonga (31º47S, 29º20’E), 
Mnenu (31º48’S, 29º19’E) and Hluleka (31º49’S, 29º18’E) estuaries (Whitfield 2000).  Being 
a permanently open estuary, Mtakatye is most likely to experience similar flushing conditions 
to that of the Mgazana Estuary after heavy rainfall, compared to the other smaller temporarily 
open/closed estuaries mentioned above.  Populations flushed from the Mtakatye Estuary must 
cover approximately 28 km of coastal waters north-east bound past two major rocky 
promontories, namely the Rame and Brazen heads respectively, before being transported into 
the Mgazana Estuary.  It is impossible to speculate over survival probabilities given coastal 
conditions as little is known of this species’ ability to tolerate such conditions.  Its salinity 
tolerance ranges are yet to be defined and given that the species has not been reported from 
the coastal zooplankton of South Africa (e.g. Dali 2010), it can be assumed that their 
potential for surviving coastal conditions for long periods of time is rather limited.  Still, 
should flushed populations from downstream estuaries be the main mode of re-population, a 
marked peak in numbers nearer the mouth of the Mgazana Estuary could then be expected as 
populations move up the estuary on tidal ebbs.  Data from the present study show no 
indication of population growth occurring near the mouth, rather a clear peak in the middle 
reaches of the system were observed (Figs. 7.5, 7.6).  This was clearly evident for populations 
sampled in August 2008, when the population centre occurred at Station 5 following a major 
flood (Figs. 7.5d, 7.6b).   
 
Following on from this argument, it is proposed that the post-flood propagation of Acartiella 
natalensis populations lost through entrainment during floods occurs within the estuary and 
not the nearshore.  A schematic diagram of the proposed mechanism is given in Fig. 7.12.   
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Figure 7.12: Conceptual mechanism proposed for post-flood perpetuation of flushed 
Acartiella natalensis populations from viable benthic egg stocks.  Refer to text for details. 
 
 
Eggs produced during the marine dominated mixed state (Fig. 7.12a) may hatch immediately 
or sink to the bottom (Fig. 7.12b), where those near the sediment-water interface (Fig. 7.12c) 
form the bulk of the recruitment stock.  Eggs that mix with deeper anoxic sediment layers 
(Fig. 7.12d) become non-viable and degrade over time (cf. Marcus and Schmidt-Gengenbach 
1986, Marcus et al. 1994).  Eggs in the upper sediment layers are re-suspended as current 
velocity increases during a flooding event, exposing eggs to well-oxygenated freshwater.  Re-
suspended eggs start hatching when bottom salinity values exceed a minimum threshold, 
reducing the chances of being flushed from the estuary when freshwater/low salinity 
conditions are still unidirectional (Fig. 7.12e).  This is supported by the experimental results 
when a low hatching success was attained at a salinity value of 5 in the present study.  
Nauplii hatched from re-suspended eggs form the major bulk of the recovering population 
that eventually spread to optimal locations in the estuary (Fig. 7.12f).   
 
The mode of egg development in the sediments of Mgazana is not known at present.  
Notwithstanding, the present results suggest that eggs broadcast into the water column that do 
not hatch immediately contribute to a resting stock in the benthos.  This resting stock may be 
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critical for the continuation of planktonic populations lost during strong freshwater pulses 
that lead to flushing of the estuary.  Although this may represent a selective adaptation to 
estuarine flushing events, further research is needed to provide answers for other systems, 
where Acartiella natalensis is unexpectedly absent, in some cases for extended periods of 
time.   
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Chapter 8 
Synthesis and Conclusion 
 
 
8.1 Hydrology 
Morphologically, the Mgazana Estuary, given its mouth dynamics, delta formation, strong 
tidal forcing, catchment characteristics and non-linearity of water flows (main channel vs. 
creeks) could best be classified as structurally complex.  Based on its geology, the Mgazana 
Estuary was indeed classed separately to others within the region based on the unique 
geology of the mouth and delta region (Colloty et al. 2001).  Its catchment area is 
comparatively small (285 km
2
) and restricted to the low-lying wooded foothills of the coastal 
region, which in relation to the high mean annual rainfall of the region shapes it’s unique 
hydrology (Emmerson 2005) and ecology (Branch and Grindley 1979).   
 
Horizontal gradients 
The Mgazana Estuary displayed considerable structure in terms of hydrology during both 
seasons studied (Chapter 3).  Horizontal gradation in salinity and turbidity was evident during 
summer and winter (Fig. 8.1), albeit not in the classic sense.  More specifically, values did 
not change gradually between the mouth and river end as is often observed in permanently 
open South African estuaries (Wooldridge and Melville-Smith 1979).  Changes rather 
occurred over relatively short spatial scales, viz.: sharp increase in summer turbidity between 
Stations 2 and 3, sharp decrease in summer salinity between Stations 7 and 9 (Fig. 8.1a).  In 
this sense, the Mgazana is arguably more comparable to the small tropical-subtropical 
estuaries of Australia (e.g. Daintree Estuary, Eyre and Balls 1999) than the larger estuaries of 
Europe (e.g. Gironde Estuary, France, David et al. 2005) and North America (e.g. 
Chesapeake Bay, USA, Roman et al. 2001).   
 
Chapter 8 
198 
 
 
 
Figure 8.1: Summer (a) and winter (b) horizontal profiles of temperature, salinity and 
turbidity monitored at 10 stations along the main channel of the Mgazana Estuary, 2002-
2006. 
 
 
Estuaries of the latter are highly turbid (>500 mg.L
-1
 SPM measured in Gironde, David et al. 
2005) and characteristically display specific zones of maximum turbidity (MTZ).  These are 
well established features that can be spatially dynamic, seasonally, as river flow changes 
(Dyer et al. 2004).  Maximum turbidity zones as hydrological features are significant as they 
function as important drivers of zooplankton distribution (Modéran et al. 2010), primary 
production (May et al. 2003) and trophic interactions (Dauvin et al. 1991, Fockedey and 
Mees 1999).  The tropical-subtropical estuaries of Australia are however, much smaller in 
size and prone to episodic meteorological events like rainfall induced flooding (Eyre 1988).  
Freshwater flows are otherwise intermittent (Eyre and Balls 1999, Eyre and Ferguson 2006) 
resulting in turbidity profiles similar to those described for the Mgazana Estuary in the 
present study (Chapter 3).    
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Temperature, in the Mgazana Estuary, displayed weak horizontal gradients (Fig. 8.1).  
Seasonally, rates of change followed contrasting slopes of positive and negative gradients, 
alternated between summer and winter respectively (summarised in Fig. 3.11, Chapter 3).  On 
average, temperature was the variable displaying the largest margin of variation between 
summer and winter (~7 ºC difference).  Temperature had a marked effect on the seasonal 
variation of zooplankton (Chapter 4, 6), particularly with regards to the density of euryhaline 
species (Chapter 6).   
 
Vertical gradients 
Increased runoff in summer (Chapters 2, 5) was expected to produce vertical stratification, of 
increasing intensity in an upstream direction (cf. Schumann et al. 1999).  As expected, 
vertical stratification in summer salinity was well defined between Stations 3 and 10 (Chapter 
3).  Winter data also showed marked stratification in salinity, which was considered being 
atypical given much less rain falls in those months (Chapters 2, 5).  Further investigation 
indicated that the averaged pattern shown in Chapter 3 (Fig. 3.9d) was, in fact, substantially 
influenced by one particular data set, viz. August 2006.   
 
 
 
Figure 8.2: Salinity stratification in the Mgazana Estuary: Winter Profile a) all data; b) data 
collected during high rainfall month August 2006 removed.   
 
During this time, freshwater flow was higher than normal due to heavy rainfall earlier that 
month (Chapter 5).  With this data set removed, it becomes apparent that stratification is, in 
actual fact, weaker in winter compared to summer (Fig. 8.2).  The same treatment performed 
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on stratification profiles of temperature and turbidity showed little difference with August 
2006 data removed.   
 
Vertically, temperature portrayed similar stratification structures in summer and winter as has 
been reported for salinity (Fig. 3.9, Chapter 3).  Marked surface-to-bottom differences were 
noted for much of the main channel, particularly the middle region of the Mgazana Estuary.  
In winter, the water column was thermally well mixed as very small surface-to-bottom 
differences were recorded throughout the study period.   
 
8.2 Spatial dynamics of the mesozooplankton of the Mgazana River Estuary 
A major objective of the present research programme involved a detailed investigation into 
the spatial dynamics of zooplankton in an attempt to define spatial structures and 
relationships with environmental variables.  Hypotheses pertaining to the spatial dynamics of 
zooplankton were structured around the general view that salinity acts as the primary 
regressor forcing heterogeneity in species distributions (Bulger et al. 1993).  To ensure 
proper scientific protocol was followed, hypotheses were constructed from existing 
knowledge at the onset of this study only.  In this respect, the most important tenet considered 
followed the notion that freshwater flows were dominated by tidal forcing most of the time 
(Wooldridge 1977, Theron 2007, Van Niekerk and Huizinga 2007).  Environmental gradients 
were therefore expected to be poorly structured, especially over horizontal scales (Schumann 
et al. 1999, Xu et al. 2008).  This was significant since the link between environmental 
gradients and zonation in biological assemblages is widely emphasised (McLusky 1993, 
Attrill and Rundle 2002, Whitfield et al. 2012).  Results from Chapter 4 were culminated into 
seasonal spatial distribution models that are presented in this section for further discussion.  
First, several statistical considerations emerging from the analysis shown in Chapter 4 are 
presented below.   
 
On the community concept, species identification, diversity and quality of input data 
The community concept, and all its constituents, forms the subject of intense debate (Fisher et 
al. 1943, Preston 1948, Hairston 1964, Watt 1964, Margalef 1968, Roughgarden 1983, 
Simberloff 1983, Drobner et al. 1998, Austin 1999, Bell 2005, Chave 2004, Hubbell 2005).  
Community, as a term according to Williams et al. (1981), can be traced back to Humboldt 
(1805), who applied the concept to terrestrial plant associations.  Humboldt’s argument 
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apparently followed the notion that different communities could be distinguished on the 
premise that the distribution of co-occurring species is discontinuous in space, with notable 
“gradation in composition at inter-community boundaries” (Williams et al. 1981, p116).  The 
concept has since been tested against various biological entities, including those inhabiting 
our oceans (Stephenson and Stephenson 1949, Dayton 1971, Williams et al. 1981, Connolly 
and Roughgarden 1998).  Williams et al. (1981) in an attempt to apply terrestrial community 
concepts to global phytoplankton dynamics regarded the world’s oceans as a collective, i.e. as 
a single and connected environment.  From their analysis, Williams et al. (1981) concluded 
that within this connected environment the probability of encountering a particular species of 
phytoplankton do exist, albeit small but never zero.  This of course, is unlikely to apply to all 
marine communities, although statistically speaking their argument would be hard to dispute.   
 
Williams et al. (1981) raises an important point often overlooked in estuarine ecology: 
connectivity.  Estuaries are unique among ecosystems in the sense that their endogenous 
processes are strongly influenced by, and in some instances dependent upon exogenous 
forces (e.g. runoff and salinity; nutrient loads and primary productivity).  Connectivity should 
also be considered in the context of the community concept and how spatial patterns of 
biological assemblages are defined.  This is only possible if the effort applied to species 
identification is equally distributed among all regions of the estuary.  More is known about 
numerically important and ecologically significant species as this is where much of the 
research is focused (Wooldridge 1999).  True estuarine species are also generally less species 
rich (Whitfield et al. 2012), which means the certainty to which species names are assigned is 
very high.  Certainty decreases drastically towards the sea and freshwater termini as species 
from the adjacent ecosystems are more frequently encountered.  The reason for this is three-
fold: 1) species from these environments are considered less important to estuarine 
functioning (Wooldridge 1999) so less effort is applied to assign species names, 2) it is often 
more difficult to assign species names as most are poorly described, and 3) bias is instilled 
towards specific taxa due to a general lack of taxonomic skills among workers.  Both 2) and 
3) compounds issue 1), which in combination results in poorly populated inventories.   
 
These issues create several implications for data analysis.  Univariate and multivariate 
metrics used for comparisons, should only apply to data for which the taxonomic resolution 
of the input format is standardised.  Most diversity indices take into account species richness 
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and abundance (see Section 4.2.3, Chapter 4).  A sample with 50 individuals of species A and 
50 individuals of species B will reflect higher diversity compared to a sample of 100 
individuals of species A and 10 individuals of Species B (example modified from Gray 
1997).  It therefore becomes problematic if counts aggregated to a higher taxonomic level 
(e.g. Family level) are entered into analysis along with species-level information.  The 
individuals assigned to the higher taxonomic level may in reality belong to numerous species, 
which would result in an unknown quantity of underestimation.  For this reason only species-
level information was used for multivariate analysis and the derivation of univariate metrics 
in the present study (Chapters 4, 5). 
 
With the exception of some isolated works (see Appendix 1), not a single comprehensive 
taxonomic guide on the coastal zooplankton for the South African region could be found.  
Nonetheless, a concerted effort was made to accurately identify as many species as possible 
using various international sources, but specifically those describing pelagic species from the 
Atlantic and Indian oceans (Table A1.3, Appendix 1).  The use of species-level data was 
justified as it constituted a large proportion of the total catch (~ 70%).  Also those not 
identified to species contributed less than 1% to total abundance and most were rarely 
recorded.  It is recommended that the level of species identification be taken in consideration 
when univariate diversity and multivariate techniques are applied.  Only species level data 
should be used to generate diversity metrics particularly when applied to spatial comparisons.  
If the larger proportion of the inventory comprises classifications above species level, 
consider aggregating counts to the next most appropriate taxonomic level until a reasonable 
percentage of representation is reached.  Indeed, it has been shown that at least for 
multivariate analysis, not much resolution is sacrificed by aggregating counts in this way 
(Warwick 1988c).  Lastly, details of the taxonomic resolution of the input data should always 
be disclosed when reported upon, so that due caution can be exercised when comparisons are 
made on such results by other workers.   
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Exercise caution when interpreting multivariate results 
A review of the recent literature related to spatial dynamics of estuarine zooplankton (e.g. 
Primo et al. 2009, Hwang et al. 2010, Cyrus et al. 2011) will show a general tendency 
towards analytical frameworks involving standard multivariate techniques (e.g. PRIMER 
protocols).  The application of these techniques is well justified, arguably requisite, given the 
structure of input data that almost always takes the multiple species-by-sample format 
(Clarke and Gorley 2006).  Visual representations are usually sought so that associations 
between samples can be inferred.  Those in close proximity within the multidimensional 
space of a non-metric multidimensional scaling plot (MDS) for example, are accepted to 
share considerable similarities with regards to composition and abundance (or biomass).  To 
remedy unavoidable subjectivity inherent in the observation process, more empirically based 
protocols like cluster dendograms combined with SIMPROF permutation tests can be 
executed in conjunction with MDS plots.  Problems arise however, when investigators 
perceive stations sharing high degrees of similarity to constitute an assemblage.  In this 
instance, little regard is given for the scale of separation between the samples in question.   
 
To illustrate the point consider a hypothetical sampling framework involving 10 stations 
spaced equidistantly along a linear transect (Fig. 8.3).  Plot (a) reflects a linear sequence of 
succession between three major assemblages, while (b) shows overlapping and spatially 
disjunctive assemblages.  Both scenarios are realistic impressions of natural communities (see 
Margalef 1963, Cadenasso et al. 2003).  An appropriate interpretation of the results shown in 
Fig. 8.3a would be that regions represented by Stations 1 and 2, 3 to 6, and 7 to 10 are 
respectively occupied by several different species that as a collective show little variation 
across the spatial scales defining each region.  The species occupying these regions can quite 
reasonably be considered as individual assemblages (or communities depending on the 
terminology preferred, see Gray 2000).  Inter-assemblage transitions may at first glance 
appear to reflect marked shifts in composition.  Caution should be exercised here though, as 
this may well not be the case (see Gray 2000).  Stations may be separated on scales far 
greater than those upon which assemblage processes are active.  This is particularly true for 
smaller organisms like estuarine zooplankton (e.g. David et al. 2005).    
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Figure 8.3: Ordination of 10 hypothetical stations stratified equidistantly along a linear 
transect sampled at time 1 (a) and 2 (b).  Colour coded circles and corresponding blocks 
indicate station associations based on species composition and abundance of a hypothetical 
assemblage.   
 
 
The scenario illustrated in Fig. 8.3b can very possibly be incorrectly interpreted as being 
representative of a single assemblage if the bounding similarity-level from which the 
interaction is viewed, is decreased, i.e. species occurring between Stations 3 and 6 would be 
viewed as one assemblage at a lower level of between-station similarity.  The spatial 
disjuncture between the stations composing ordination group IV reflects patchiness in not 
only distribution but habitat type, which is arguably more realistic for benthic assemblages 
(cf. Gray 2000) than those of the zooplankton.  It would be incorrect to view this association 
as a singular assemblage as according to the confining principles of community theory 
(Hairston 1959, 1964, Margalef 1963), requisite species interactions would not be possible 
due to the spatial separation of the two entities.  Stations 7 and 9 should rather be interpreted 
to represent two, highly similar assemblages, separated in space.   
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Conceptual model of spatial distribution of the zooplankton of the Mgazana River Estuary 
Contrary to initial expectations, the zooplankton of the Mgazana Estuary displayed well-
defined spatial patterns (Chapter 4).  Spatial heterogeneity was reflected in the abundance, 
species richness, evenness, diversity and assemblage structure.  This study also provides 
evidence that the assemblages, and the boundaries that separate them, were confined to 
specific hydrological regions.  Variation in salinity, turbidity and temperature were of 
particular importance in this regard.  Presented here are conceptual models constructed from 
the results displayed in Chapter 4 to describe the processes shaping the spatial structure of 
summer and winter assemblages in the Mgazana Estuary (Figs. 8.4, 8.5).   
 
Summer Assemblages (SAI-SAIII): Fig. 8.4 
Marine-mixed Assemblage (SAI): 
Range:  Stations 1-2 (< 1 km) 
Composition:  Stenohaline/steno-eurhyhaline 
Species richness (SR): 84 species 
Abundance:  7% contribution to total density (N) 
Dominant component:  Neritic and steno-euryhaline Calanoida Copepoda 
Drivers:  Tidal currents (Fig. 8.4a); upstream extension limited by turbidity 
ecotone  
Comment:  Tidal exchange is the main forcing agent of this assemblage.  The 
assemblage was composed of a wide variety of taxa, including neritic 
species, typically steno-euryhaline Copepoda such as the Calanoida 
(particularly Parvocalanus crassirostris), Oithonidae and other 
Cyclopoida.  Similar compositions are reported for lower reach 
assemblages from other subtropical (Marcus 1991) and tropical 
estuaries (Revis 1988, Duggan et al. 2008).   
 
Order 1 Estuarine Assemblage (SAII) 
Range:  Stations 3-8 (2.6 km) 
Composition:  Euryhaline/merozooplankton 
Species richness (SR): 38 species 
Abundance:  59%  
Dominant component:  Euryhaline Copepoda and Brachyura larvae 
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Figure 8.4: Conceptual diagram showing the spatial dynamics of summer zooplankton in the Mgazana Estuary in relation to hydrological 
features driving assemblage successions.  Also shown is variation in species richness (SR) and total density (N).  
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Figure 8.5: Conceptual diagram showing the spatial dynamics of winter zooplankton in the Mgazana Estuary in relation to hydrological features 
driving assemblage successions.  Also shown is variation in species richness (SR) and total density (N).   
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Drivers:  Stratification (thermo- and haloclines) (Fig. 8.4i, ii); downstream 
extension limited by tidal currents (mixed water column) (Fig. 8.4a), 
upstream extension limited by variability ecotone 
Comment: These stations composed the region of maximum abundance of three 
of the most numerically important zooplankters of this system, viz. 
Acartiella natalensis, Pseudodiaptomus hessei and Mesopodopsis 
africana.  The highly stratified water column is mostly likely the most 
important environmental feature enabling position maintenance, 
although likely not for A. natalensis (Kibirige and Perissinotto 2003).  
Numbers waned drastically towards the lower reaches, which could 
likely be ascribed to the increased magnitude of tidal flows and 
reduced stratification in that region.   
 
Order 2 Estuarine Assemblage (SAIII) 
Range:  Stations 9-10 (< 1 km) 
Composition:  Euryhaline/bentho-pelagic 
Species richness (SR): 26 species 
Abundance:  34%  
Dominant component:  Euryhaline Copepoda and bentho-pelagic Peracarida 
Drivers:  Freshwater flow (FW), Stratification (haloclines) (Fig. 8.4ii); bentho-
pelagic coupling (Fig. 8.4c). 
Comment:  Variability in the physical environment increased drastically towards 
the upper region where much of the mixture between sea and 
freshwater occurred (Chapter 3).  This area is much shallower and 
contains unique benthic habitats not found elsewhere.  Several 
Peracarida species, notably species of Amphipoda and Isopoda, 
occurred in the plankton.   
 
Winter Assemblages (WAI-WAIV): Fig. 8.5 
Marine Assemblage (WAI): 
Range:  Stations 1-2 (< 1 km) 
Composition:  Stenohaline 
Species richness (SR): 81 species 
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Abundance:  3% contribution to total density (N) 
Dominant component:  Neritic Calanoida Copepoda 
Drivers:  Tidal currents (Fig. 8.5a); upstream extension limited by turbidity 
ecotone  
Comment:  Tidal exchange is once more the main forcing agent of this 
assemblage.  The assemblage was almost exclusively composed of 
neritic forms.  A number of species were presented that were not 
recorded in summer, which in conjunction with the upstream shift in 
the occurrence of steno-euryhaline species seems to indicate that tidal 
forcing was more intensive during winter months.  This is likely to be 
a result of reduced freshwater flows as less rainfall is received during 
the winter months (Chapter 2).     
 
Marine-mixed Assemblage (WAII): 
Range:  Stations 3-4 (< 1 km) 
Composition:  Stenohaline/steno-euryhaline  
Species richness (SR): 67 species 
Abundance:  8% 
Dominant component:  Steno-euryhaline Copepoda 
Drivers:  Tidal currents (Fig. 8.5a); upstream extension limited by turbidity 
ecotone  
Comment:  By composition similar to Summer Assemblage SAI.  Some neritic 
Copepoda were present as they reached the upper most limit of 
distribution.  The assemblage was numerically dominated by smaller 
steno-euryhaline Copepoda, including Parvocalanus crassirostris, 
numerous Oithona and Oncaea species.  Upstream distribution was 
likely limited by sharp increase in turbidity, which occurred between 
Stations 4 and 5 (Chapter 3).    
 
Second order Euryhaline Assemblage (WAIII): 
Range:  Stations 5-8 (2 km) 
Composition:  Euryhaline/merozooplankton  
Species richness (SR): 30 species 
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Abundance:  40% 
Dominant component:  Euryhaline Copepoda, Brachyura and Gebiidae larvae 
Drivers:  Turbidity; reduced stratification (Fig. 8.5i, ii); tidal exchange; 
upstream extension limited by variability ecotone  
Comment:  Water column is well-mixed.  This reduces the potential for position 
maintenance of species such as Pseudodiaptomus hessei.  Tidal 
exchange is therefore more significant as driver in this reach (Fig. 
8.5b).  This region forms the downstream distribution limit of the 
subtropical Calanoida species, Acartiella natalensis (Chapter 6).  
Population density increases steadily towards Station 7 before 
reducing again towards the variability ecotone.  Many Brachyura and 
Gebiidae larvae were recorded in the plankton between Station 5 and 
7 (Chapter 4).  Spatially, peak numbers of larvae corresponded well 
with adult populations inhabiting the intertidal areas (Appendix 1).   
 
First order Euryhaline Assemblage (WAIV): 
Range:  Stations 9-10 (< 1 km) 
Composition:  Euryhaline/bentho-pelagic  
Species richness (SR): 21 species 
Abundance:  49% 
Dominant component:  Euryhaline Copepoda, bentho-pelagic Peracarida 
Drivers:  Downstream limitation by variability ecotone; increased stratification: 
halocline (Fig. 8.5ii); reduced freshwater flow; bentho-pelagic 
coupling 
Comment:  Reduced flows characteristic of the season, reduces the intensity of 
the halocline from summer to winter (Chapter 2).  Freshwater inflow 
was still substantial enough to produce a halocline that was stronger 
than elsewhere in the estuary during this time (Chapter 3).  This 
facilitates position maintenance for species capable of vertical 
migration.  As was the case in summer, this area shows proof of 
considerable bentho-pelagic coupling as a marked number of bentho-
pelagic species were recorded in the plankton (Chapter 4, Appendix 
1).  Environmental variability increases significantly from Stations 8 
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to 9 (see Fig. 3.10, Chapter 3), which represents the ecotone 
separating assemblage WAIV from WAIII (Chapter 4).   
 
These results demonstrate that zooplankton assemblages conformed to specific hydrological 
zones despite strong tidal forcing and low baseflow.  These findings stand in contrast to 
initial expectations.  It was hypothesised that at maximum two assemblages would be 
distinguishable within the Mgazana Estuary, based on the notion that the marked decrease in 
salinity would act as ecotone separating the two assemblages.  The study of species 
successions along environmental gradients is central to estuarine ecology (Attrill and Rundle 
2002, Whitfield et al. 2012).  Spatial heterogeneity along strong salinity gradients has been 
reported for zooplankton from tropical South America (Silva et al. 2009), temperate North 
America (Laprise and Dodson 1994), and cool-temperate South Africa (Wooldridge and 
Deyzel 2009a).  It therefore comes as no surprise that some studies endeavoured to classify 
species distributions according to salinity zones (Bulger et al. 1993, Schlacher and 
Wooldridge 1996, Greenwood 2007).  The “Venice System” (Anonymous 1958, Day 1981a) 
and adapted versions thereof (Strydom et al. 2003, Pattrick et al. 2007), arguably serve as the 
most widely applied biological-salinity classification system applied in estuarine ecology 
(Telesh and Khlebovich 2010). 
 
It could be argued that biological-salinity zonation as strategy is likely not the most 
appropriate application when communities from river-dominated or freshwater-deprived are 
considered.  In freshwater-deprived systems for example, the saline-freshwater mixture zone 
may, spatially, become limited to the upper reaches only (Vorwerk et al. 2008).  Results from 
Chapter 3 support this notion.  It is estimated that the Mgazana Estuary naturally receives 
comparatively small volumes of runoff (Van Niekerk and Huizinga 2007).  Attempting to 
establish biological-salinity zones for the zooplankton of the Mgazana Estuary was therefore 
not justified.   
 
Alternative views suggest that horizontal variation should be attributed to tidal exchange, 
rather than the effect of any one variable (Barlow 1955, Jeffries 1964, Grindley 1981, 
Krumme and Lang 2004).  Ketchum (1954) suggested that the stability of populations in 
estuaries was depended on two factors, viz.: reproductive rate and the intensity of circulation.  
It was suggested that populations can only be established if the rate of production exceeded 
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the net downstream advection of individuals.  Additional mechanisms have since been 
proposed, including position maintenance through tidal orientated vertical migration 
(Grindley 1964, Hill 1991, Kimmerer et al. 1998, Lougee et al. 2002) and attachment to 
bottom structures (e.g. Pseudodiaptomus spp., Jacobs 1961, Fancett and Kimmerer 1985).  
Position maintanence involving active vertical migration has been described for several 
Pseudodiaptomus species, including Pseudodiaptomus hessei from the Sundays Estuary, P. 
coronatus from the Duplin River, Georgia (Jacobs 1961), P. colefaxi from Westernport Bay, 
Australia (Fancett and Kimmerer 1985).  Position maintenance via the same mechanism has 
also been described for merozooplankters, including fish (Dauvin and Dodson 1990), 
brachyuran (Epifanio et al. 1984) and penaeid larvae (Rothlisberg et al 1983). 
 
The foregoing discussion emphasises the point that single environmental variable modelling 
is not always appropriate.  Assessing species distributions against prominent hydrological 
features such as stratification, tidal exchange, variability was considered of more significance 
in the present study.  The spatial structure of the zooplankton of the Mgazana Estuary is 
arguably best described as being influenced by a combination of variables forcing species 
turnover over short spatial scales.  Hydrological structures such as stratification in turn 
facilitated retention of estuarine species and merozooplankters, thus explaining their 
distribution ranges in summer when these features were well-formed.  Seasonal shifts in 
stratified water bodies may also explain why a corresponding shift in peak density of 
Pseudodiaptomus hessei and Acartiella natalensis was observed, although some suggest the 
latter not to exercise vertical mechanisms of retention (Kibirige and Perissinotto 2003).  
Other factors yet not defined thus mediate the spatial structure of A. natalensis.   
 
Boundary dynamics: small-scale ecotones within system-scale ecocline 
Despite its long history (see Remane 1934), species distributions in relation to environmental 
gradients still carry tremendous significance within the realm of estuarine ecology (Whitfield 
et al. 2012).  In contrast to terrestrial ecology (cf. Wiens et al. 1985), the concept of 
boundaries has only recently gained momentum in estuarine ecology (Van der Maarel 1990).  
Assessing species distributions in this manner bares considerable significance for 
management purposes, as considerable focus is placed on biological-environment 
relationships (Gosz 1992, Bailey 2004, Omernik 2004).  Yet, relatively few attempts have 
been made to do the same for estuarine biota (Rundle et al. 1998, Attrill and Rundle 2002, 
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Greenwood 2007, Quinlan and Phlips 2007, Muylaert et al. 2009, Modéran et al. 2010).  
Despite an extensive search of the published literature only a single zooplankton example 
could be found, i.e. that of Modéran et al. (2010) and their work on the zooplankton of the 
Charente Estuary, France.  The present study thus not only contributes to our seemingly poor 
understanding of this concept applied to zooplankton on a local scale (first for South Africa), 
but also globally.   
 
The conceptual models of spatial distribution discussed in the preceding section, gives 
evidence for trends displaying gradual successions between multiple assemblages over the 
horizontal axis of the Mgazana Estuary (Chapter 4, summarised in Figs. 8.4, 8.5).  On 
community level, temperature, salinity and turbidity emerged as important variables driving 
this trend.  On closer examination, it became clear that significant turnover in species (beta 
diversity analysis) at the transitions between assemblages coincided with steep changes in 
specific variables.  These results were interpreted to represent evidence for gradient 
independent ecoclinal variation on a system-scale, while ecotonal variation was responsible 
for pronounced turnover in species at the transitions of some assemblages.  It is therefore 
submitted, that the zooplankton of the Mgazana Estuary conformed to both ecotonal and 
ecoclinal properties.  Modéran et al. (2010) proposed a similar model of the zooplankton of 
the highly turbid Charente Estuary, France.  Ecoclinal variation was proposed to fit the 
gradual succession of assemblages along a well-defined salinity gradient, while the maximum 
turbidity zone was said to present an ecotone as it affected limitations on species distributions 
over relatively shorter spatial scales.  In the present study, two ecotones are proposed: a 
turbidity ecotone in the lower region and a variability ecotone in the upper estuary.  The latter 
was termed variability as it represents significant changes in multiple variables over relatively 
short scale.   
 
The analysis presented in Chapter 4 could potentially be of great value to management as an 
extra dimension to the single-regressor-response-variable approach is added.  This allows for 
species distributions to be linked to major hydrological features directly linked to freshwater 
flows (e.g. stratification), or changes therein (summer to winter variations).  Among 
numerous pressures facing South African estuaries, freshwater abstraction is probably the 
biggest concern (Morant and Quinn 1999).  Monitoring the spatial dynamics of zooplankton 
in relation to gradients and hydrological features within the context of boundary dynamics 
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allows a multifaceted approach to detect variations affected by such anthropogenic 
interventions.   
 
8.3 Episodic meteorological events and zooplankton variability 
Recent predictions indicate that extreme events over the African continent as a consequence 
of global climate change are likely to increase considerably in years to come (IPCC 2007).  
More specifically, ‘extremely wet summers’ are expected to double in frequency over the 
eastern sector of southern Africa by the end of this century (Christensen et al. 2007).  The 
potential impact for estuaries includes a marked increase in the frequency and magnitude of 
runoff resulting in floods of varying intensities (Cooper et al. 1999).  Before any predictive 
value for future impacts of such extreme events can be established, a sound understanding of 
present state processes must first be acquired.  The research focus of Chapters 5-7 was 
therefore carefully structured around this requirement, which ultimately aimed to better our 
knowledge of the characteristics of flooding events and the way in which zooplankton 
communities are affected.   
 
Rainfall induced flooding in the Mgazana River Estuary 
There are many challenges associated with the study of episodic events, the most profound of 
which is the difficulty in attempting to synchronise observation and occurrence (Eyre 1998).  
Episodic events like rainfall induced flooding are short-lived intense phenomena (Cooper et 
al. 1990) that can easily be overlooked under certain sampling regimes (Chanson 2008).  The 
Mgazana Estuary is located on an isolated, relatively undeveloped stretch of coast, making 
direct observations of episodic events a challenging prospect.  No flow data are available for 
the Mgazana Estuary as a flow gauge is yet to be installed by the Department of Water 
Affairs of South Africa.  In Chapter 5, an alternative method was proposed to estimate 
incidence and duration of floods over a six month observation period using rainfall-linked 
water temperature anomalies as proxy.  This method proved to be effective as a total of eight 
events were recorded during the observation period.  Further assessment allowed the intensity 
of flushing to be scaled into two broad categories of intensity.  A partial signal (five events 
recorded) implied a minor flushing event, which was deemed to indicate considerable 
increases in freshwater flow following rainfall volumes ranging between 27 mm and 84 mm 
falling over a period of one to three days (Table 5.1, Chapter 5).  A holistic signal reflected 
system scale thermal synchrony induced by significant freshwater flows following rainfall 
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averaging 79 mm over a period between three and four days.  Holistic signals were presumed 
to be indicative of a severe flooding event.   
 
The motivation for this inference is based on the observation that thermal synchrony almost 
never occurs outside of heavy rainfall periods, i.e. there is almost always a temperature 
difference measurable between the lower and upper regions of the Mgazana Estuary (Fig. 5.2, 
Chapter 5).  If this interpretation is assumed to be accurate, it can be concluded that the 
estuary was in full flood at least three times over the six month period of observation.  
However, presently this rate of occurrence cannot yet be imposed as absolute trend for this or 
other estuaries within the region.  The reason being that the year of 2006 received the highest 
total annual rainfall (1 290 mm) in the 27-year (average = 1 117 mm) rainfall data series 
(Chapters 2, 5).  Although it must be noted that the highest monthly rainfall was indeed 
recorded outside of the temperature monitoring period (February-August 2006); October 
2006 totalled 352 mm, equating to almost 30% of the total volume recorded in 2006.  The 
temperature period (February-August) was ranked third out of a possible 27, when compared 
to the corresponding period of other years in the data series.  The frequency and duration of 
flooding events reported in Chapter 5 are thus more reflective of an above average wet year.  
It nonetheless answered the objective of this study, from which it is concluded that Mgazana 
is indeed prone to rainfall induced flooding.  Even so, these data provided very interesting 
insights into the characteristics of flooding in the Mgazana Estuary.  These events indeed 
occur more frequently than initially anticipated, which as verified in Chapters 5, 6 and 7 may 
have substantial implications for the plankton of this system. 
 
Flooding and inter-annual variability of zooplankton in the Mgazana Estuary 
Analytical frameworks applied to long-term data are varied and highly dependable on the 
study objectives (see Allen et al. 1997).  Zooplankton sampling was only replicated over five 
years, which is very small compared to data series kept in Western Europe and North 
America (e.g. Kemp et al. 2005, Pranovi et al. 2008).  The focus of Chapter 5 was in part 
aimed at assessing the usefulness of one particular set of multivariate analysis that was 
considered adequate to not only display normal year-to-year variations in assemblage 
structure, but also to detect major variations.  Second-stage multivariate analysis (Clarke et 
al. 2006) was very useful in this sense as the relative weighting of between-year changes of 
internal spatial gradients are taken into account.  Results are not obscured by meaningless 
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between-year station similarities.  The within-year station similarities are compared between 
years by means of a standard correlation treatment, which could then be inspected visually 
via a traditional MDS ordination plot.   
 
The multivariate results in Chapter 5 prove the point effectively.  Summer and winter data 
sets were treated separately to eliminate seasonal effects (see Chapter 4).  At least one year in 
each seasonal data set contained a “flood” treatment, viz. January 2005 for summer and 
August 2006 for winter.  These data points were clearly departed from other years in the 
second-stage MDS ordination plot, even though considerable year-to-year variability was 
evident.  Also by partitioning inter-annual variability by station (second-stage correlation 
matrix constructed from first-stage station MDS plot, RELATE function, PRIMER v6.0, 
Clarke et al. 2006), those stations affected most by flooding could be identified for further 
investigation.  This method of enquiry was very effective to address the hypotheses regarding 
which assemblages were affected most.  Summer data showed that Stations 2-9 varied in a 
similar fashion between years (Fig. 5.11, Chapter 5).  Chapter 4 showed that Stations 3-8 
were represented by an euryhaline assemblage dominated by Pseudodiaptomus hessei and 
Acartiella natalensis.  Further analysis showed that these Copepoda were severely impacted 
in terms of abundance as they were carried from the estuary through the net flow of 
freshwater (Chapters 5 and 6).  The winter data reflected similar patterns, albeit not as 
distinct (Fig. 5.12, Chapter 5).  Inter-annual variability was more pronounced in winter 
compared to summer.  Yet, the effect of flooding could be distinguished in both the year-by-
station and inter-matrix second-stage MDS ordination plots (Figs. 5.9, 5.12).  Zooplankton 
from Stations 8-10 were most affected.  These stations marked the area of peak abundance of 
Acartiella natalensis in winter (Chapter 6).   
 
In review of these techniques it is concluded that the second-stage strategy provides a very 
useful tool for assessing inter-annual variability on community-level.  In both data series, the 
effect of episodic events like rainfall induced flooding could be disentangled from the normal 
year-to-year variability.  It is recommended that these techniques be taken into consideration 
for future analyses of long-term data series, particularly those populated for the former 
Transkei coast.   
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Species-level impacts and coping mechanisms 
The most immediate impact of flooding is downstream advection of individuals, which under 
severe floods may cause entire populations to be washed from the estuary into the nearshore 
waters (Nair et al. 1984).  The question of interest then is: how do estuarine populations 
ensure long-term survival given that flooding is a natural phenomenon occurring in estuaries?  
From the data presented in Chapters 5 and 6 it is concluded that both Pseudodiaptomus hessei 
and Acartiella natalensis are severely impacted by flooding events, the latter more so than the 
former.  A review of the literature reveals some insights with regards to coping mechanisms 
that may apply to P. hessei.  Active vertical migration as a mechanism of position 
maintenance has been reported for this species and many of its counterparts (Wooldridge and 
Erasmus 1980, Kimmerer et al. 1998, Krumme and Liang 2004).  Available information 
suggests that this species is able to migrate on a vertical plane between bodies of water of 
differing densities to maintain within a given area within an estuary.  This mechanism may be 
effective during moderate floods (e.g. partial signal in Chapter 5), i.e. when low strong 
stratification develops as the freshet moves downstream in the surface layers, on top of the 
denser salt-wedge near the bottom.  Their behaviour would therefore not differ from what is 
exercised in tidal-dominated estuaries.  A second possible mechanism involves an attribute 
that allows physically attaching themselves to material on the bottom of the water column 
described by Jacobs (1961).  A third possible mechanism involves active position 
maintenance in the bottom water outside the estuary for a long enough period, until the salt-
wedge starts migrating back into the estuary.  This behaviour was first observed for 
Pseudodiaptomus inopinus, the dominant Copepoda species in the Chikugo River Estuary, 
Japan (Ueda et al. 2004).  The entire population was washed from the Chikugo Estuary after 
heavy rains.  During that time, it was discovered that the species aggregated in dense 
numbers just outside the inlet of the estuary in the bottom waters.  These populations were 
almost exclusively comprised of adult males and females, all developmental stages were 
assumed to be lost from the estuary indefinitely.  Consecutive sampling over the next few 
days showed that populations were transported upstream with the upstream advancing 
seawater.  The hydrodynamics of the area in the immediate vicinity of this estuary was quite 
unique in the sense that there are multiple submerged channels present that in a way 
resembles a drowned delta.  This, as it is pointed out by the investigators, may have 
facilitated position maintenance until freshwater flow was reduced (Ueda et al. 2004).  This is 
not the case with the Mgazana Estuary.  In Chapter 7 it is argued that the freshwater plume is 
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quickly advanced north-eastward following a flood (summarised in Fig. 7.11).  This reduces 
the refuge potential for any Copepoda washed from the estuary during a flood.  It is proposed 
that the future perpetuation of P. hessei populations in the Mgazana Estuary, are maintained 
through either vertical migrations or active fixture to bottom structures such as debris.  The 
latter mechanism was also proposed by Kibirige and Perissinotto (2003) when discussing 
how P. hessei populations recolonized the Mpenjati Estuary after being entrained when the 
mouth was breached.   
 
Previous observations suggest that the entire population of Acartiella natalensis are likely 
washed from the Mgazana Estuary during severe floods (Louw 2007).  Data shown in 
Chapter 6 (January 2005, Fig. 6.2) supports this notion.  Contrary to Pseudodiaptomus hessei, 
A. natalensis do not show evidence of active vertical migration, nor do they exercise the habit 
of attaching to bottom materials (Kibirige and Perissinotto 2003).  Across its range of 
distribution, A. natalensis shows evidence of disappearing from the plankton only to reappear 
again at a later stage (Wooldridge and Melville-Smith 1979, Jerling and Wooldridge 1994b, 
Wooldridge and Callahan 2000, Jerling 2005).  In each of these examples, the possibility of 
repopulation from a dormant egg bank was suggested, which has since only been verified 
through preliminary field observations and laboratory experiments (Jerling and Wooldridge 
unpublished data, cf. Wooldridge 1999).  The possibility of repopulation from an egg bank 
was thus considered as coping mechanism in response to flooding in the present study.  Eggs 
were indeed recovered from the sediments of the Mgazana Estuary during both seasons 
investigated in 2008 (Chapter 7).  Attempts to hatch eggs retrieved from the sediments 
around Station 7 (see Fig. 2.1) was not entirely successful, although preliminary results 
verified they were produced by species of Acartiidae.  Acartiella natalensis being the 
dominant Acartiidae species in the estuary and the only representative of the family occurring 
in the middle and upper estuary, instilled high confidence in the possibility that they were 
indeed produced by this species.  It was proposed that the post-flood propagation of A. 
natalensis populations occurs from within the estuary from resting eggs aggregated in the 
bottom sediments.  The mechanism is summarised in a conceptual model which proposes that 
hatching is cued by a mechanism involving suspension by currents from the sediment that in 
turn allows interaction with water of lower salinity (Fig. 7.12).  The mechanism proposed for 
Mgazana populations aligns well with the mechanism proposed for other subtropical 
counterparts (e.g. Chen and Marcus 1997).  Eggs retrieved from the sediments of Turkey 
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Point, Florida revealed a mechanism that showed both true dormancy and subitaneous 
attributes.  These eggs were termed delayed-hatching eggs and were proposed to introduce a 
means of surviving erratic, more unpredictable changes in the physical environment that so 
often characterise the subtropics and tropics.  A similar mechanism has been proposed for 
several Copepoda species from the Hopkins River Estuary, a small subtropical system in 
Australia known to flood regularly (Newton and Mitchell 1999).   
 
It is therefore proposed that the resting stock found in the sediments of the Mgazana Estuary 
may indeed be critical for the continuation of Acartiella natalensis populations regularly lost 
during strong freshwater flows following heavy rainfall.  Results presented in Chapter 7 
should be received as preliminary, although it does provide a good foundation wherefrom 
future research can be conducted.     
 
8.4 Shortcomings of study and recommendations for future research initiatives  
The research presented in this Thesis is heavily biased towards biological-physical 
interactions.  There is a considerable amount of literature emphasising the importance of 
biological interactions, which includes trophic interactions (Kimmerer 2002, Broglio et al. 
2003, Guisande et al. 2003, Froneman 2006), predation pressure (Wooldridge and Bailey 
1982, Fulton 1984, Whitfield 1985, Wooldridge and Webb 1988, Froneman and Vorwerk 
2003) and inter and intra-specific competition (e.g. competitive exclusion hypothesis, Hardin 
1960).  The introduction of a predator or alteration of availability and quality of food can also 
introduce considerable year-to-year variability (Clarke and Gorley 2006).  Our understanding 
of the spatial and temporal dynamics of the zooplankton in the Mgazana Estuary would have 
been greatly improved if some or all of the factors were taken in consideration also.  
Chaetognaths and jellyfish are major predators of estuarine zooplankton, yet their potential 
role in South African estuaries has not been explored (Fulton 1984b, Frid et al. 1994, 
Hansson 2006, Pitt et al. 2008).  Large aggregations of jellyfish are sometimes observed in 
the upper reaches of the Mgazana and the adjacent Mgazi estuaries (pers. observation) and it 
is likely that they may be of considerable importance as biological drivers.    
 
In addition, some strong conclusions are made about spatial and temporal trends based on a 
sampling strategy that was very course in resolution.  Research has shown that spatial 
variation could most adequately be explained if multiple spatial scales are considered over 
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horizontal and vertical plains (Kimmerer et al. 1998, review by Dungan et al. 2002).  The 
same principle applies to temporal scales (e.g. David et al. 2005).  David et al. (2005) applied 
an integrated approach involving several spatial and temporal factors to identify major 
sources of variation.  Variation was assessed on year, month, station, depth and replicate 
factorial levels.  Assessment of variation to this resolution is yet to be conducted for 
zooplankton from a South African estuary.  It is recommended that future research take such 
design principles into account at the planning phase of programmes.   
 
This study only sampled one size component of the zooplankton, viz. mesozooplankton.  
There is no doubt that the potential importance of smaller Copepoda species is entirely 
overlooked in this way.  Consider species of Oithonidae as example.  In an earlier study, 
Wooldridge (1977) reported extremely high numbers for Oithona brevicornis.  At Station 3 
(~2.5 km upstream) for example, populations reached a density of 123 000 ind.m
-3
 in 
November 1972 (Wooldridge 1977).  Wooldridge (1977) sampled zooplankton using 
different gear type (Clarke-Bumpus sampler) and a mesh size of 124 µm.  Oithona 
brevicornis (length range = 0.47-0.72 mm) and the other Oithonidae species (0.36-1.59 mm) 
recorded in the present study is small compared to most Calanoida species (e.g. 
Pseudodiaptomus hessei 1.05-1.80 mm) (Bradford-Grieve et al.  1999).  Considering the 
larger mesh size used in the present study (200 µm), the abundance of not only O. brevicornis 
but also other smaller sized Copepoda such as the Paracalanidae, Corycaeidae, Oncaeidae and 
Cyclopidae were most likely underestimated.  McKinnon and Klumpp (1998), while 
investigating the zooplankton of six mangrove estuaries in North-eastern Australia, quantified 
zooplankton from small aliquots (20 ml) drawn from Niskin samples.  Collections of discreet 
volumes, they argued, optimised their estimates of abundance of small Copepoda species 
typical of tropical mangrove estuaries.  The zooplankton of all five estuaries investigated was 
numerically dominated by Oithona species.  The extent to which the true numerical 
importance of the Oithonidae and other small Copepoda in the Mgazana in particular and 
other mangrove estuaries in South Africa in general, are underestimated is currently not 
known and requires further investigation.   
 
Working in remote locations like the former Transkei coast imposes numerous limitations on 
the design and execution of a sampling strategy.  Equipment failure was possibly the biggest 
challenge in the present study.  Breakage in the field results in omissions in data sets, which 
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can become challenging to work with later on.  The physico-chemical data set used in the 
present study serves as good example.  Turbidity was only measured on a few occasions due 
to erroneous results produced by the YSI 6600 multiprobe used at the time, yet was shown to 
be an important environmental driver of zooplankton in the Mgazana Estuary.  A simple 
solution would have been to measure water clarity using a Secchi disk concurrently, which 
would have given an indication of spatial and temporal variation in turbidity.  It goes to show 
that tried and tested equipment of simple design does not necessarily need to be replaced by 
newer technologies.   
 
The present study was also limited in terms of providing an understanding of the potential 
influences of oceanic processes like upwelling.  It is assumed that the variation in data 
collected near the mouth are mediated by coastal processes, given the strong tidal flows 
characteristic of this particular system.  Yet, with no measurements taken from the 
surrounding coastal waters, inferences made become nothing more than conjecture.  The 
relative importance of this issue is no doubt related to the focus of research and in some cases 
dependent on the type of estuary investigated.  There is for example little justification for 
monitoring coastal conditions surrounding river dominated systems if the focus of research is 
limited to endogenous processes.  Nonetheless, with regards to the present study, such 
information would have added considerable value to our understanding of the dynamics of 
lower reach assemblages, considering the inherent magnitude of tidal forcing.   
 
Coastal upwelling induced by wind forcing may affect an abrupt decrease in surface water 
temperatures.  Entrainment of cold water into the estuary is then expected to have profound 
effect on the stratification regime, and potentially biological processes also.  The waters off 
Mgazana marks the northern limit of a major upwelling cell emanating northward from its 
origin near Port Alfred situated ca. 300 km downstream of the fast flowing Agulhas Current 
(Lutjeharms et al. 2000).  The possibility of cold upwelled water reaching Mgazana is 
therefore a real, albeit infrequent (cf. Lutjeharms et al. 2000) possibility.  The mechanism and 
effects of cold water entrainment into large estuaries are well studied (e.g. Galician Rias of 
Spain, Alvarez et al. 2009), while less is known of their effects on smaller permanently open 
estuaries (POE).   
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Some evidence for the influence of upwelling on the thermal regime of the Mgazana Estuary 
was obtained in April, during an unrelated sampling trip.  Water, of lower temperature (< 18 
ºC) than would be expected for this time of the year (> 20 ºC, Wooldridge 1977), was 
entering the estuary on the flood tide over a period of three days (8-11 April).  The horizontal 
temperature profile recorded on the 12 April illustrates the extent to which the cold dense 
seawater penetrated the Mgazana Estuary on the pushing tide (bottom values, Fig. 8.2).  
Bottom values as low as 17.8 ºC were measured at Station 4 (Fig. 8.6a).  Values below 20 ºC 
were recorded more than 5 km upstream (Station 8).   
 
 
 
Figure 8.6: Surface and bottom temperature (a) and salinity (b) at ten stations in the 
Mgazana Estuary following a coastal upwelling event in April 2005. 
 
 
During this time the area received a reasonable amount of rainfall which resulted in more 
than usual freshwater flow.  Salinity values near the surface were seemingly lower compared 
to the bottom waters, which in combination with vertical thermal differences produced 
pronounced stratification throughout the estuary (Fig. 8.6b).  Such sudden decreases in 
temperature may exert significant thermal stress on zooplankters that could be compounded 
by other episodic events like increased freshwater flows following heavy rainfall (as was the 
case in this instance).   
 
For example, laboratory based salinity and temperature tolerance experiments conducted on 
Mesopodopsis africana populations from the St Lucia Estuary, found that the species was 
extremely vulnerable when exposed to low temperatures without acclimatization (Carrasco 
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and Perissinotto 2011).  None survived for more than an hour of exposure, while once 
acclimatized, survival rates increased significantly.  This may explain why large populations 
of M. africana were observed swarming in dense formation along littoral edges, ca. 4.6 km 
upstream during the upwelling event (pers. observation).  Littoral waters were seemingly 
warmer compared to the mid-channel where colder salt-wedge was in prominent upstream 
motion.  Pseudodiaptomus hessei was probably less affected during this period given their 
tolerance to varying environmental conditions (Grindley 1984), although marked variations 
in respiration, metabolism and development under varying temperatures have been reported 
(Jerling and Wooldridge 1989, Isla and Perissinotto 2004).  The interactive effects of 
temperature and salinity on Acartiella natalensis have not yet been studied.  Negative 
responses towards lower temperatures in relation to egg production, hatching success and 
development, have however been reported for other Acartiidae species (Acartia bifilosa, A. 
clausi, A. discaudata, A. tonsa, A. sinjiensis and A. steueri) from western Europe, northern 
America and Asia (Uye 1980, Chinnery and Williams 2004, Milione and Zeng 2008).  It is 
recommended that such processes be considered for future research, particularly in tidal 
dominated POEs intersecting coasts prone to upwelling (e.g. Algoa Bay, Goschen and 
Schumann 1995, Goschen et al. 2012). 
 
Species identification remains a problem.  The present study emphasises the value of 
comparing diversity indices, which by virtue of their derivations, strictly speaking requires 
individuals to be identified to as low as possible resolution.  There is a dire need for useful 
identification guides to be constructed for the coastal zooplankton of South Africa as it is 
most possibly posing a massive impetus on the progress of the science in these environments.   
 
The present study on resting eggs only scratched the surface of what could potentially 
become a valuable field of research in South Africa.  It is a topic that receives considerable 
attention elsewhere and South Africa is obviously far behind in this respect.  It would be 
interesting to compare egg distribution and abundance between different estuaries across the 
geographical distribution range of Acartiella natalensis (and others).  It is hypothesised that 
reproductive strategies will change nearing their geographical limit along the south-eastern 
coast of South Africa.  These eggs are likely to be of the diapause kind given that the 
temporal occurrence of A. natalensis follows seasonal patterns in these estuaries.  It is also 
important that the onset and hatching cues be investigated, at present the conditions necessary 
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for hatching is not known.  This may involve carefully planned and executed field and 
laboratory based experiments.  It is suggested these experiments initially be conducted on 
eggs from estuaries closer to research centres as transport of material may seems to affect 
viability (Chapter 7).  The Sundays Estuary situated ca. 50 km east of Port Elizabeth would 
be a likely candidate for these initial studies.  These techniques can be branched out to other 
Copepoda species as well and not only in estuaries but also coastal waters.   
 
8.5 Conclusion 
This thesis presents the first detailed community-level synthesis of estuarine zooplankton 
dynamics from the subtropical warm-temperate biogeographical transition zone.  The 
research presented here provides new information on the hydrology of the Mgazana Estuary, 
how these influenced the distribution patterns and assemblage formations of the zooplankton, 
the significance of episodic events and subsequent coping mechanisms demonstrated by 
certain species.  Data collection spanning five years allowed specific hypotheses to be 
constructed and tested, from which emerged new information and pertinent questions.  It is 
hoped the outcome of this study will drive many new research programmes in the information 
poor Transkei region that would significantly strengthen our ability to manage the relatively 
untouched resources of this coastline.  In this respect, well-structured, sustained and managed 
long-term monitoring initiatives will be paramount.    
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Appendix 1: Taxonomic composition of the Mesozooplankton of the Mgazana River 
Estuary sampled 2002-2006  
A1.1 Note on species identification 
The Species List contains 187 taxonomic units of which 128 (68%) were at species-level.  A 
further 25 were classified to genus-level, bringing the number of entries below family-level to 
153 (82%).  The morphological characteristics of 21 of these did not correspond to any of the 
descriptions from the available literature and may well be undescribed in the literature (Table 
A1.1).   
 
Table A1.1: Catalogue entries of specimens classified to Genus level.  Individuals assigned 
to these entries were in each case indistinguishable and assumed to represent a single species.  
The relative contributions to total abundance are also shown.  * Previously Class 
Poecilostomatoida, details in text. 
 
 
Summer Winter
18 Acrocalanus  sp.1 Copepoda: Calanoida 0 <1
20 Aegisthus  sp.1 Copepoda: Harpacticoida 0 <1
29 Calocalanus  sp.1 Copepoda: Calanoida 0 <1
30 Candacia  sp.1 Copepoda: Calanoida 0 <1
34 Centropages  sp.1 Copepoda: Calanoida <1 <1
38 Clausocalanus  sp.1 Copepoda: Calanoida <1 <1
41 Clytemnestra  sp. 1 Copepoda: Harpacticoida <1 0
42 Copilia  sp.1 Copepoda: Cyclopoida* 0 <1
49 Corycaeus  sp.1 Copepoda: Cyclopoida* 0 <1
60 Euchirella  sp.1 Copepoda: Calanoida 0 <1
66 Halicyclops  sp.1 Copepoda: Cyclopoida <1 <1
69 Labidocera  sp.1 Copepoda: Calanoida 0 <1
85 Oithona  sp.1 Copepoda: Cyclopoida <1 0
94 Pleuromamma  sp.1 Copepoda: Calanoida <1 <1
103 Sapphirina  sp.1 Copepoda: Cyclopoida* <1 <1
122 Cymodoce  sp.1 Isopoda: Sphaeromatidae <1 0
129 Exosphaeroma  sp.1 Isopoda: Sphaeromatidae <1 0
136 Cunicus  sp.1 Amphipoda: Haustoriidae <1 0
138 Gammaropsis  sp.1 Amphipoda: Photidae <1 0
145 Leucothoe  sp.1 Amphipoda: Leucothoidae <1 0
182 Doliolum  sp.1 Tunicata: Thaliacea 0 <1
Relative abundance (% )Taxonomic affiliationCatalogue LabelCatalogue 
Number
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Morphologically, none of the individuals assigned to the respective genus-level entries listed 
in Table A1.1 could be distinguished into more than one ‘group’.  In each case, they were 
assumed to be of the same specific epithet and hence afforded a label of ‘species 1’ (sp.1 
abbreviated).  Overall, their relative contributions to total abundance were negligible (< 1%) 
and most were rarely recorded.   
 
The other four genus-level entries were assigned to specimens for which a specific sex was 
required for positive identification (e.g. Grandidierella spp females, Griffiths 1976b) or when 
the developmental stages have not been described at the time of the present study (e.g. 
Clausidiidae larvae, Gooding 1988).  Following recommendations by Gooding (1988), Kim 
and Ho (1992) and Itoh and Nishida (2007), “Clausidiidae larvae” was adopted as the correct 
nomenclature for all individuals previously recorded as Saphirella sp.1 on the Master Species 
List (see Table A1.2).  Therefore, all “Clausidiidae larvae” entries were given species-level 
status since all the individuals investigated portrayed similar morphological traits.   
 
There appears to be much inconsistency among the published literature and other information 
sources regarding the current status of Poecilostomatoida (Crustacea, Copepoda) on Order 
level.  Following the description by Ho et al. (1998) of Fratiidae, a new Cyclopoida family 
apparently bridging the gap between Poecilostomatoida and Cyclopoida for reasons not 
explained in text, Boxshall and Halsey (2004) strongly motivates for Poecilostomatoida 
families to be incorporated into Order Cyclopoida.  This they applied throughout their 
expansive work on “An Introduction to Copepod Diversity” (Boxshall and Halsey 2004).  
Some published works indicate compliance with Boxshall and Halsey’s notion since it’s 
publication in 2004 (e.g. Böttger-Schnack 2005, 2011, Wi et al. 2010, 2012), but not all (e.g. 
Böttger-Schnack 2009).  The same can be found among online resources.  The World 
Register of Marine Species (WoRMS) still recognises Poecilostomatoida as an acceptable 
order of the Copepoda (cf. Boxshall et al. 2012), while the Index to Organism Names (ION) 
do not (see http://www.organismnames.com/query.htm?searchType=tree&q= Cyclopoida).  
In this thesis, Boxshall and Halsey’s (2004) suggestions were followed so that the Order 
Cyclopoida comprised all families previously classified under Cyclopoida as well as 
Poecilostomatoida.  These include species from the families Oncaeidae, Corycaeidae, 
Clausidiidae and Sapphirinidae. 
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In general, records not classified to species-level adopted the nomenclature of the next lowest 
identifiable taxon.  Foraminifera and the Chaetognatha were not classified below phylum-
level.  Larval stages of the Mollusca (Class Gastropoda and Bivalvia), Tunicata (Class 
Appendicularia and Thaliacea), Polychaeta and some Crustacea (Brachyura, Palaemonidae, 
Penaeidae) are poorly described for the region and could not be classified to species-level.  
The same was true for the Pycnogonida (Arthropoda: Chelicerata) and some Peracarida 
orders, notably the Cumacea and Tanaidacea.  Larvae and eggs of fish, although common at 
times, were not analysed in detail.  The ichthyoplankton component was initially reserved for 
an independent study, linked with Transkei Estuaries Programme, which the present study 
forms part of and could therefore not be considered for inclusion.     
 
Resources used for species identification are listed in Table A1.3 and most recent changes to 
specific epithets listed in Table A1.2.  Those taxa for which sufficient information was 
available, a descriptive category was assigned, based on life history or salinity associations as 
described by Grindley (1981) (see Table A1.4).  In this appendix and elsewhere (Chapter 4), 
several references are made to these categories for discussion and graphical modeling 
purposes (e.g. Section A1.2, Tables A1.5, A1.7 and Figs. A1.1-A1.4).   
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Table A1.2: Recent changes to taxonomic names of mesozooplankton recorded in the 
Mgazana Estuary.  Information listed here are as they appeared on the World Register of 
Marine Species database (WoRMS) on 10 October 2012.  Reference = Entry Editor(s) and 
date last edited in parenthesis.  Other online taxonomic reference resources used for 
verification of species names are listed in Table A1.3.  *Original article, see References 
section. 
 
 
 
Polychaeta
Prionospio bockci Prionospio malmgreni Fauchald and Bellan (2012)
Copepoda
Acartia longipatella Paracartia longipatella Walter (2012)
Acartia natalensis Acartiella natalensis Kouwenberg (2012)
Calanus brevicornis Calanoides brevicornis Walter (2012)
Corycaeus agilis Onychocorycaeus agilis Walter (2012)
Cosmocalanus darwini Cosmocalanus darwinii Walter (2012)
Euchaeta concinna Paraeuchaeta concinna Walter (2012)
Oithona oculata Dioithona oculata Kouwenberg (2012)
Oncaea conifera Triconia conifera Boxshall and Kouwenberg (2012)
Oncaea minuta Triconia minuta Böttger-Schnack and Boxshall (2012)
Pseudodiaptomus charteri Pseudodiaptomus stuhlmanni Walter (2012)
Pseudodiaptomus nudus Pseudodiaptomus serricaudatus Walter (2012)
Saphirella spp. Clausidiidae (Family) larvae Walter and Boxshall (2012)
Amphipoda
Corophium triaenonyx Americorophium triaeonyx Lowry (2012)
Orchestia ancheidos Floresorchestia ancheidos Lowry (2012)
Orchestia rectipalma Eorchestia rectipalma Lowry (2012)
Decapoda
Callianassa kraussi Callichirus kraussi Poore (2012)
Neosarmatium meinerti Neosarmatium africanum Ragionieri et al.  (2012)*
Sesarma catenata Parasesarma catenatum Davie (2012)
Sesarma eulimine Chiromantes eulimene Davie (2012)
Sesarma guttatum Perisesarma guttatum Davie and Fransen (2012)
Tunicata
Class Larvacea Class Appendicularia WoRMS (2012)
Unaccepted Taxon Accepted Taxon Reference
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Table A1.3: Literature and online resources used for species identification and verification of 
the species names assigned to mesozooplankton from the Mgazana Estuary. 
 
 
 
 
Table A1.4: Descriptive categories assigned to species recorded in the Mgazana Estuary 
between 2002 and 2006 (adapted from Grindley 1981). 
 
 
 
Taxa Resource
Crustacea general Martin and Davies (2001)
Copepods Wellerhaus (1969, 1970), Björnberg (1981), De Decker (1984), Bradford-Grieve 
et al. (1999), Conway et al. (2003), Boxshall and Halsey (2004)
Calanoida Steuer (1923), Grindley (1963, 1978), Grindley and Grice (1969), Wheeler Jr. 
(1970), Connell and Grindley (1974), Bradford (1976)
Cyclopoida Farran (1913), Herbst (1955), Wilson (1958), Grice (1960), Wooldridge (1977),  
da Rocha (1983)
Harpacticoida Johnson (1942), Geddes (1955)
Mysida Tattersall (1952), Whittmann (1992), Murano (1999), Heard (2006), 
Deprez et al. (2001)
Amphipoda Sivaprakasam (1968), Griffiths (1973, 1976a, 1976b, 1977), Vinogradov (1999)
Isopoda Kensley (1978, 1984)
World Register of Marine Species (WoRMS) (http://marinespecies.org)
Index to Organism Names (ION) (http://organismnames.com)
The World of Copepods (http://invertebrates.si.edu/copepod/)
Validity of 
species names
Category Characteristics
Life history
Holozooplankton Holistic planktonic life history
Merozooplankton Temporary planktonic life history, mostly larval
Bentho-pelagic Nocturnal planktonic component, spend daytime in bottom waters
Salinity tolerance 
Stenohaline Incursive marine plankton (salinity >28)
Steno-euryhaline Marine plankton with wider distribution and salinity tolerance (salinity >15)
Euryhaline Plankton confined to estuaries (salinity 5-25)
Oligohaline Downstream extension of freshwater plankton (salinity <4)
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A1.2 General Composition 
In total, 187 taxa, representing seven phyla, 11 classes, 17 orders and 69 families, were 
recorded from 2002-2006 (Appendix 2a, b).  More than 90% of the species (summer = 133 
species; winter = 143 species) belonged to the Phylum Arthropoda, which in turn was almost 
exclusively (99%) comprised of Crustacea species (Tables A1.5, A1.6).  The taxonomic 
dominance of the Crustacea was evident throughout the estuary, forming the majority 
component of the holozooplankton, merozooplankton, bentho-pelagic, stenohaline and 
euryhaline zooplankton (Tables A1.5, A1.6).  Of the 168 Crustacea species (11 orders, 63 
families), 55% (92 species) were of the Subclass Copepoda.  Copepoda also dominated 
numerically, summer and winter and across all stations, contributing more than 90% to the 
total abundance.   
 
The phyla Foraminifera, Cnidaria, Annelida, Chaetognatha, Mollusca and Chordata 
(excluding fish larvae and fish eggs) cumulatively accounted for < 0.5% of the total 
abundance (Table A1.5, A1.6).  Most of the individuals assigned to these phyla were poorly 
identified (class-level or higher) due to a shortage of 1) descriptive literature for the region 
and 2) descriptions of developmental stages of particularly the Mollusca and Annelida.  
Estimations of the true species richness of these phyla are therefore still unknown for the 
Mgazana Estuary.  This fact was taken in consideration for all calculations of diversity 
estimates (e.g. species richness, beta diversity, H’, J’), particularly those that do not 
incorporate abundance into their derivations, viz. Whittaker’s sample- (equivalent to alpha 
diversity) and assemblage species richness (Whittaker 1965, 1972) and beta diversity (see 
Section 4.2.3, Chapter 4).   
 
If only abundance is considered, it may be argued that these taxa have little importance in 
relation to the more abundant species such as the Calanoida species Acartiella natalensis (see 
Chapters 4-6).  Foraminifera for example were only recorded on four occasions, 
predominantly in winter and no farther upstream than Station 2.  Their cumulative abundance 
was extremely low (total = 32.71 ind.m
-3
) for the entire sampling period.  Chaetognatha, by 
contrast, exhibited considerable tolerance for turbid water of sometimes reduced salinity, 
characteristic of the middle estuary.  Chaetognatha were relatively common in the 
zooplankton from the mouth to Station 6, reaching a maximum density of 270.49 ind.m
-3
 at 
Station 2 in July 2002. 
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Table A1.5: The distribution of the number taxa (S) among several descriptive categories for 
selected phyla of summer and winter zooplankton sampled from 2002 to 2006.  The phylum 
Arthropoda dominated all categories and accounted for the majority of species in the 
Mgazana Estuary.  
 
 
 
 
Chaetognatha are common is estuaries wherein they are generally limited to reaches nearer 
the mouth where typical marine conditions prevail (Fernandes et al. 2005).  Of the 120 plus 
species described to date (Jennings et al. 2010), species of the Genus Sagitta are commonly 
found in estuaries (Fernandes et al. 2005).  Their role as key predators in coastal zooplankton 
communities are well known (Fulton 1984 and references therein), but by comparison poorly 
understood in local estuaries.  There is very little species-level information available for local 
estuaries.  Identification rarely goes beyond genus-level, most being grouped either as 
‘Chaetognatha’ or ‘Sagitta’ (e.g. Montoya-Maya and Strydom 2009, Wooldridge and Deyzel 
2009a).  Within the local context, this clearly presents a topic worthy of further investigation.   
 
Descriptive Category Foraminifera Cnidaria Annelida Arthropoda Other Total
Summer zooplankton
Number of taxa (% of total) 1 (<1) 2 (1) 4 (3) 133 (90) 7 (5) 147
Holozooplankton 1 1 - 70 3 75
Bentho-pelagic - 1 3 44 2 50
Merozooplankton - - 1 16 3 20
Stenohaline 1 2 2 47 5 57
Steno-euryhaline - - 1 40 - 41
Euryhaline - - - 18 - 18
Winter zooplankton
Number of taxa (% of total) 1 (<1) 3 (2) 4 (2) 143 (90) 8 (5) 159
Holozooplankton 1 2 - 93 3 99
Bentho-pelagic - 1 3 28 1 33
Merozooplankton - - 1 21 3 25
Stenohaline 1 3 1 59 4 68
Steno-euryhaline - - 2 42 - 44
Euryhaline - - - 15 - 15
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Table A1.6: Comparison of the number of species representing major summer and winter 
zooplankton phyla between five sections in the Mgazana Estuary.  Arthropoda was the most 
diverse phylum, dominating every section of the estuary. 
 
 
 
 
A1.3 Holozooplankton 
The holozooplankton is comprised of species known to have a holistic planktonic existence 
(Wooldridge 1999).  Copepoda are the most important representatives of this group in 
offshore, coastal and estuarine habitats.  The zooplankton of the Mgazana Estuary was no 
exception.  The holozooplankton was numerically and taxonomically the most important 
component within the estuary (Table A1.7, Figs. A1.1a, b; A1.2a, b).  By composition, the 
holozooplankton was almost exclusively comprised of Copepoda (Figs. A1.3a, b; A1.4a, b).  
In total, 97 species of Copepoda, representing the orders Calanoida (47 species), Cyclopoida 
(34) and Harpacticoida (9) were recorded.  Of these, 53 were recorded in the lower estuary up 
to Station 3.  Those commonly recorded within this region include the Calanoida species 
Acartia negligens, Calanus agulhensis, Centropages chierchiae, Acrocalanus gracilis, 
Nannocalanus minor, Mecynocera clausi and Clausocalanus sp. 1, as well as Harpacticoida 
species Clytemnestra scutellata, Macrosetella gracilis and Microsetella norvegica.   
 
Phylum Lower Middle Upper Creek 1 Creek 2
All
Sections
Summer zooplankton
Foraminifera 1 - - - - 1
Cnidaria 2 1 1 1 1 2
Annelida 4 3 1 2 1 4
Arthropoda 100 31 36 96 60 133
Other 6 5 4 7 6 7
All phyla 113 40 42 106 68 147
Winter zooplankton
Foraminifera 1 - - - 1 1
Cnidaria 2 1 2 2 2 3
Annelida 3 2 2 2 2 4
Arthropoda 102 55 30 102 94 143
Other 6 3 2 6 8 8
All phyla 144 61 36 112 107 159
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Table A1.7: Distribution of the number of species representing several descriptive categories 
and their relative abundance (%) across five sections in the Mgazana Estuary.  Percentages 
are shown in parentheses and represent proportions per section.   
 
 
 
 
By contrast, most of the Cyclopoida (Oithonidae, Cyclopidae, Corycaeidae, Oncaeidae), 
Harpacticoida (Euterpinidae, Aegisthidae) and Calanoida species from the families 
Paracalanidae and Eucalanidae were widely distributed throughout the estuary.  Euterpina 
acutifrons (Order Harpacticoida) for example occurred at every station in the estuary, albeit 
at comparatively low density (summer density ± 1SD = 14.51 ± 35.55; winter = 110.63 ± 
288.71).  Parvocalanus crassirostris (Order Calanoida) attained comparatively high numbers 
in the creeks (series maximum = 6 121.90 ind.m
-3
 at Station 2B, July 2005) and occurred up 
to Station 2 in summer and Station 4 in winter.  The Calanoida species, Pseudodiaptomus 
hessei and Acartiella natalensis were the only Copepoda representing the euryhaline 
community of the holozooplankton in the Mgazana Estuary (Figs. A1.1c, d; A1.2c, d).  These 
species were numerically the most important taxa in the Mgazana Estuary, collectively 
accounting for 97% of the holozooplankton abundance and respectively, 87% and 88% of the 
total summer and winter zooplankton abundance (Table A1.8).  
 
 
Category Lower Middle Upper Creek 1 Creek 2
All
Sections
Summer zooplankton
Holozooplankton 61 (11) 13 (48) 11 (26) 51 (1) 36 (14) 75
Bentho-pelagic 33 (7) 13 (39) 19 (40) 34 (4) 13 (10) 50
Merozooplankton 17 (14) 12 (6) 10 (3) 19 (30) 17 (46) 20
Stenohaline 36 (42) 7 (11) 7 (4) 33 (25) 13 (19) 57
Steno-euryhaline 37 (32) 10 (5) 10 (1) 32 (27) 25 (35) 41
Euryhaline 14 (10) 9 (47) 9 (27) 16 (3) 10 (13) 18
Winter zooplankton
Holozooplankton 74 (5) 37 (36) 13 (48) 73 (4) 72 (7) 99
Bentho-pelagic 23 (9) 13 (23) 12 (35) 23 (18) 18 (15) 33
Merozooplankton 15 (9) 9 (9) 9 (4) 14 (51) 15 (27) 25
Stenohaline 41 (31) 13 (8) 5 (5) 44 (34) 43 (22) 68
Steno-euryhaline 40 (21) 27 (6) 8 (2) 37 (33) 35 (38) 44
Euryhaline 12 (2) 9 (39) 10 (52) 11 (2) 9 (5) 15
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Figure A1.1: Species (a, c) and density (b, d) contributions of Life History (a, b) and 
Salinity Tolerance (c, d) categories representing mesozooplankton sampled in summer (2002-
2006).  Density data for each category represent the sum of the overall mean density values. 
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Figure A1.2: Species (a, c) and density (b, d) contributions of Life History (a, b) and 
Salinity Tolerance (c, d) categories representing mesozooplankton sampled in winter from 
2002-2006.  Density data for each category represent the sum of the overall mean density 
values.  
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Figure A1.3: Species (a, c, e) and density (b, d, f) contributions of dominant taxa composing 
the holozooplankton (a, b), bentho-pelagic zooplankton (c, d) and merozooplankton (e, f) 
sampled in summer (2002-2006).  Density data for each taxonomic group represent the sum 
of the overall mean density values. 
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Figure A1.4: Species (a, c, e) and density (b, d, f) contributions of dominant taxa composing 
the holozooplankton (a, b), bentho-pelagic zooplankton (c, d) and merozooplankton (e, f) 
sampled in winter (2002-2006).  Density data for each taxonomic group represent the sum of 
the overall mean density values.  
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Table A1.8: Top ten summer and winter zooplankton taxa ranked by density (Ave N in ind.m
-3
; Cum N = cumulative N in per cent) averaged 
across all stations.  Data shown for each station represent the mean values for the five-year sampling period (2002-2006).  A description 
(Descrip.) of life history and salinity association is listed where: H = holozooplankton, B-P: bentho-pelagic, M = merozooplankton, E = 
euryhaline, S-E = steno-euryhaline.  The Copepoda Acartiella natalensis and Pseudodiaptomus hessei were numerically the most important 
species during both seasons.   
 
 
 
1A 1 1B 2 2A 2B 3 4 5 6 7 8 9 10
Summer zooplankton (L = larvae, Z = zoea)
Acartiella natalensis 1 Copepoda H, E 108 26 773 1 997 6 336 10 267 10 761 21 143 43 873 41 044 31 685 25 993 17 537 12 108 15 975 70.6
Pseudodiaptomus hessei 2 Copepoda H, E 492 407 1 351 3 867 2 222 3 348 3 740 4 286 8 126 4 337 7 563 3 268 5 010 2 136 3 582 86.5
Mesopodopsis africana 3 Mysida B-P, E 37 2 466 319 603 992 1 207 930 2 430 1 917 7 268 3 090 3 383 3 120 1 840 94.6
Fish eggs 4 Pisces M 101 125 34 38 31 89 90 105 334 77 144 46 36 44 92 95.0
Parvocalanus crassirostris 5 Copepoda H, S-E 113 165 52 148 239 446 - - - - - - - - 83 95.4
Parasesarma catenatum Z 6 Brachyura M 22 21 24 1 21 872 4 8 2 5 4 3 - - 71 95.7
Fish L 7 Pisces M 53 63 99 24 69 121 16 58 98 36 73 129 41 20 64 96.0
Halicyclops denticulatus 8 Copepoda H, S-E 90 432 87 27 19 24 6 3 - 2 <1 - 2 - 49 96.2
Uca urvillei Z 9 Brachyura M 46 534 72 5 - 8 3 - - - - - - - 48 96.4
Chiromantes eulimene Z 10 Brachyura M 428 - 62 <1 - 47 - - - - 7 - - - 39 96.6
Winter zooplankton (L = larvae, Z = zoea)
Acartiella natalensis 1 Copepoda H, E - - - 20 7 - 86 2 317 11 370 15 261 23 634 13 926 18 851 26 321 7 985 60.3
Pseudodiaptomus hessei 2 Copepoda H, E 14 148 896 1 078 2 080 2 222 2 017 3 679 5 482 6 748 9 316 5 959 6 534 5 756 3 709 88.3
Parvocalanus crassirostris 3 Copepoda H, S-E 1 231 448 623 601 1 130 1 294 50 29 - - - - - - 386 91.2
Neosarmatium africanum Z 4 Brachyura M - <1 1 515 - 219 763 26 - 12 4 - 2 - - 182 92.6
Upogebia africana L 5 Gebiidea M 333 26 889 101 142 304 69 81 72 106 36 175 27 12 169 93.9
Euterpina acutifrons 6 Copepoda H, S-E 150 20 498 266 56 88 59 43 20 30 61 20 96 140 111 94.7
Parasesarma catenatum Z 7 Brachyura M 21 1 46 62 5 6 124 32 257 67 92 4 13 - 52 95.1
Paratylodiplax blephariskios Z 8 Brachyura M 11 8 72 15 50 71 196 72 88 60 47 16 - - 50 95.5
Oithona brevicornis 9 Copepoda H, S-E 37 10 39 34 17 20 35 33 189 81 28 29 54 45 46 95.8
Mesopodopsis africana 10 Mysida B-P, E - - 3 <1 17 26 11 123 107 47 76 28 39 76 39 96.1
Taxa
Rank 
(N )
Higer taxa
Sampling Stations (ranked by distance from the sea): Density (ind.m
-3
) Ave N
( ind.m
-3
)
Cum N 
(%)
Descrip.
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A1.4 Bentho-pelagic Zooplankton 
Bentho-pelagic species recorded in the zooplankton predominantly comprised Peracarida 
Crustacea, notably the Mysida, Amphipoda, Isopoda, Cumacea and Tanaidacea (Figs. A1.3c, 
d; A1.4c, d).  Four species of Mysida respectively accounted for 97% and 42% of the total 
summer and winter bentho-pelagic density.  Mesopodopsis africana, a subtropical species 
(Wooldridge 1999, cf. Carrasco and Perissinotto 2010b, 2011a), was most abundant in 
summer from Stations 4 to 7.  Mesopodopsis wooldridgei by contrast, were rarely recorded 
during the study period and only in winter.  Mesopodopsis wooldridgei is more characteristic 
of warm-temperate estuaries of South Africa, where they may attain high numbers throughout 
the year (Wooldridge 1999).  The predatory Mysida species, Rhopalophthalmus terranatalis 
(Wooldridge and Bailey 1982, Wooldridge 1986a), was limited to the deeper channels of 
Stations 1B (depth > 4 m), 2 (2-3 m) and 3 (> 5 m).  Gastrosaccus brevifissura was only 
captured in the lower estuary where typical marine sands characterized the benthic 
environment, viz. Stations 1, 1A and 1B.   
 
With 25 species, Amphipoda represented the most diverse bentho-pelagic group in the 
Mgazana Estuary (Figs A1.3c, d; A1.4c, d).  Typical euryhaline forms such as 
Americorophium triaeonyx, Afrochiltonia capensis, Melita zeylanica, Grandidierella 
lignorum and G. bonnieroides were widely distributed and most frequently encountered.  
Four species of Urothoe were recorded in the lower estuary where mostly marine sediments 
are found.  U. elegans and U. coxalis were only found in the lower region of Creek 1, while 
U. pinnata and U. tumorosa occurred up to Station 3 (~2.5 km upstream).   
 
Isopoda were the second most diverse bentho-pelagic group, accounting for 26% and 24% of 
the total number of bentho-pelagic species in summer and winter respectively (Figs. A1.3c, d; 
A1.4c, d).  The summer community was numerically dominated by Corallana africana, 
which peaked in number between Station 8 and 10.  Corallana africana was by contrast 
scarce in winter, during which time this species was only recorded from Stations 2B and 4.  
Gnathia africana was the dominant species in winter.  Only female specimens were recorded 
in the plankton.  Winter populations of G. africana were widely dispersed throughout the 
estuary, only being absent from Creek 2 stations.  Summer populations, by contrast, were 
mostly limited to the upper estuary.  Creek 1 and the sandy delta area near the mouth were 
inhabited by Eurydice kensleyi, E. longicornis and Excirolana natalensis.  Several typical 
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euryhaline Isopoda species were recorded in the upper region of Creek 2 as well as the 
middle and upper regions of the main channel.  Of these, the Anthuridae species, Cyanthura 
estuaria and Cirolanidae species, Cirolana fluviatilis were most common.  Stenohaline 
Isopoda recorded in the zooplankton belonged to the family Sphaeromatidae.  These included 
species from the genera Dynamenella (2 species), Cymodoce and Exosphaeroma (2 species).  
Sphaeromatidae species were, with the exception of a single record at Station 10 
(Exospaeroma hylecoetes: August 2005), restricted to the lower estuary.    
 
A1.5 Merozooplankton 
Brachyura larvae formed the dominant component of the merozooplankton, in terms of 
diversity and abundance (Figs. A1.3e, f; A1.4e, f).  Zoeal and megalopa stages of 12 species 
of Brachyura were recorded in the zooplankton, representing the families Dotillidae, 
Hymenosomatidae, Grapsidae, Sesarmidae, Camptandriidae, Ocypodidae and Varunidae.  
The Sesarmidae, Grapsidae and Ocypodidae larvae collectively accounted for > 60% of the 
Brachyura species.  Of the 12 Brachyura larvae recorded, eight typically associate with 
mangrove habitats once fully developed (Emmerson 1994, 2001).  Larvae of the Uca species 
for example, were rarely found upstream of the creeks and delta area, where most of the 
adults aggregate in the intertidal (Emmerson 1994).  Hymenozoma orbiculare and 
Paratylodiplax blephariskios zoea by contrast, occurred throughout the estuary.  Both these 
species occupy subtidal habitats as adults, particularly in sediments enriched with organic 
material (Teske and Wooldridge 2001, 2003, 2004, Thwala 2004, Wooldridge and Deyzel 
2009a).   
 
Stage 1 larvae of the mud-prawn Upogebia africana (Decapoda: Gebiidea) were at times 
abundant in the plankton.  Most occurred in the upper creeks and the main channel upstream 
of Station 4, where adult populations visibly thrived in the intertidal mudflats.  Larvae of the 
sand-prawn Callichirus kraussi (Decapoda: Axiidea) indicated similar associations with adult 
populations.  Planktonic larvae were limited to the lower estuary, particularly in areas where 
marine sands dominate the benthic habitats.  Cumulatively, Decapoda larvae accounted for 
more than 90% of the total merozooplankton abundance and 60% of the total 
merozooplankton species.   
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Appendix 2a: Station-averaged (n = 5) density (ind.m
-3
), overall average density (Ave. N) and abundance ranks of summer zooplankton species 
recorded in the Mgazana Estuary from 2002-2006.  Cat. # = species catalogue number. 
 
Taxa Cat. Ave. N Rank
# 1A 1 1B 2 2A 2B 3 4 5 6 7 8 9 10 (ind.m
-3
)
Phylum Foraminifera 
  Foraminifera spp. 1 - 0.2 - - - - - - - - - - - - 0.01 145
Class Hydrozoa
  Hydroidolina spp. 2 0.2 - 0.6 3.1 2.7 0.7 58.0 7.2 30.2 8.0 23.3 3.5 3.4 4.1 10.37 24
  Rhopalonematidae spp. 4 - 0.2 - 2.7 - - - - - - - - - - 0.21 102
Class Polychaeta
  Eteone siphodonte 5 - - - - - - 0.2 - 0.7 - - - - - 0.06 124
  Prionospio sexoculata 8 - - - - - - 0.1 - 0.5 0.5 - - - - 0.08 118
  Polychaeta larvae sp.1 7 1.4 4.6 1.8 - 0.3 1.8 0.5 0.6 3.7 2.4 - 1.6 10.8 7.2 2.62 42
  Polychaeta sp.1 9 2.5 4.9 - - - - 0.7 - - - - - - - 0.58 76
Class Ostracoda 
  Ostracoda spp. 11 16.5 12.9 6.2 2.7 5.0 1.8 - - - - - - - - 3.22 36
Subclass Copepoda
  Acartia danae 12 1.3 0.5 - - - - - - - - - - - - 0.13 111
  Acartia neglegans 15 0.6 7.6 - 17.8 - - - - - - - - - - 1.86 51
  Acartiella natalensis 14 107.7 25.7 773.4 1 997.4 6 336.1 10 267.4 10 761.2 21 143.1 43 873.2 41 044.4 31 684.6 25 993.2 17 537.2 12 107.8 15 975.18 1
  Acrocalanus gracilis 16 - - - 3.4 - - - - - - - - - - 0.25 97
  Aegisthus acileafus 19 - 5.1 - 2.4 - 1.7 - - - - - - - - 0.65 70
  Bradyidius hirsutus 21 2.7 0.5 2.7 - 6.4 9.7 0.9 1.2 0.2 - - - - - 1.74 53
  Calanidae spp. 22 - - - 0.8 - - - - - - - - - - 0.06 130
  Calanus alguhensis 23 - 1.8 - 2.4 - - - - - - - - - - 0.29 90
  Calanoida stage IV copepodids 25 - 34.3 - - - - - - - - - - - - 2.45 44
  Calocalanus minor 27 - 0.6 - - - - - - - - - - - - 0.04 136
  Calocalanus pavo 28 - 2.9 - - - - - - - - - - - - 0.20 103
  Canthocalanus pauper 31 10.9 - - - - - - - - - - - - - 0.78 64
  Centropages chierchiae 32 6.8 3.2 - - - - - - - - - - - - 0.72 65
  Centropages  spp. 34 - 0.5 - - - - - - - - - - - - 0.03 138
  Centropages typicus 35 - - - 3.4 - - - - - - - - - - 0.25 98
  Clausidiidae larvae 101 1.8 0.6 - - - - - - - - - - - - 0.17 109
  Clausocalanus breviceps 36 0.6 2.9 - - - - - - - - - - - - 0.25 96
  Clausocalanus furcatus 37 - 2.9 - - - - - - - - - - - - 0.20 104
  Clausocalanus  sp.1 38 3.2 48.6 2.7 - 0.9 - - 0.8 - - - - - - 4.02 33
Sampling stations (ranked by distance from the sea): Density (ind.m
-3
) 
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Appendix 2a: continued. 
 
Taxa Cat. Ave. N Rank
# 1A 1 1B 2 2A 2B 3 4 5 6 7 8 9 10 (ind.m
-3
)
  Clytemnestra scutellata 40 1.3 2.2 - 26.9 1.3 - - - - - - - - - 2.26 46
  Clytemnestra  spp. 41 - - - 1.7 - - - - - - - - - - 0.12 112
  Corycaeus africanus 43 4.2 1.4 - - - 0.3 0.2 - - - - - - - 0.43 82
  Corycaeus asiaticus 45 2.4 0.2 - 2.4 - - - - - - - - - - 0.35 87
  Corycaeus longistylis 48 6.8 4.0 3.6 4.2 1.3 - - - - - - - - - 1.41 57
  Corycaeus speciosus 50 32.8 6.8 4.7 0.9 - 2.2 - - - - - - - - 3.39 35
  Cyclopoida spp. 53 1.0 51.7 - 1.6 - - - - - - - - - - 3.88 34
  Dioithona oculata 54 3.7 - - - - - - - - - - - - - 0.26 93
  Eucalanus elongatus 57 - 0.7 - - - - - - - - - - - - 0.05 132
  Euterpina acutifrons 61 16.3 28.8 12.2 13.3 37.2 42.3 48.2 - 0.7 - 0.9 0.6 0.2 2.4 14.51 18
  Farranula carinata 62 2.7 6.9 - 2.6 - 2.0 - - - - - - - - 1.02 62
  Farranula gracilis 63 8.6 8.7 - 2.7 3.2 4.0 - - - - - - - - 1.94 50
  Halicyclops denticulatus 64 90.0 431.8 87.2 26.9 19.1 24.3 6.0 3.1 - 2.0 0.3 - 1.8 - 49.47 8
  Halicyclops pondoensis 65 - 2.9 - - - - - 1.2 1.0 - - - - 0.8 0.42 83
  Halicyclops  sp.1 66 19.0 14.9 16.3 8.5 15.0 8.8 - - - - - - 0.2 - 5.91 29
  Harpacticoida sp.1 67 0.6 0.8 - - - 25.4 0.2 - 0.2 - 0.3 - - 0.8 2.03 49
  Labidocera acuta 68 0.8 - - - - - - - - - - - - - 0.06 128
  Macrosetella gracilis 70 0.6 0.6 - - - - 0.3 6.0 - - - 0.9 - - 0.60 75
  Metridia  spp. 71 - 2.4 - - - - - - - - - - - - 0.17 108
  Microsetella norvegica 72 0.2 - - - - - - - - - - - - - 0.02 144
  Mycenocera clausi 75 3.1 0.5 - - - 5.7 - - - - - - - - 0.66 68
  Nannocalanus minor 76 - - - - 0.3 - - - - - - - - - 0.02 141
  Oithona brevicornis 77 41.4 139.2 7.0 21.3 - 2.0 7.5 60.1 6.7 0.8 0.6 - 0.2 3.3 20.72 15
  Oithona fallax 78 3.2 6.0 4.1 2.8 - - - - - - - - - - 1.14 60
  Oithona nana 80 23.5 4.0 4.1 1.8 0.9 1.7 - - - - - - - - 2.57 43
  Oithona plumifera 81 - 0.8 - - - - - - - - - - - - 0.06 131
  Oithona rigida 55 - - - - 0.9 - - - - - - - - - 0.07 121
  Oithona similis 83 5.5 25.3 - 2.7 0.9 8.4 - - - - - - - - 3.06 38
  Oithona simplex 84 8.3 13.4 - 6.9 3.8 - - - - - - - - - 2.31 45
  Oithona spp. 85 1.1 - - - - - - - - - - - - - 0.08 120
  Oncaea media 86 0.7 - - - - 7.9 - - - - - - - - 0.62 72
  Oncaea mediterranea 87 0.9 - - - - - - - - - - - - - 0.06 123
Sampling stations (ranked by distance from the sea): Density (ind.m
-3
) 
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Appendix 2a: continued. 
 
Taxa Cat. Ave. N Rank
# 1A 1 1B 2 2A 2B 3 4 5 6 7 8 9 10 (ind.m
-3
)
  Oncaea venusta 88 2.7 6.1 - - 0.3 - - - - - - - - - 0.66 69
  Paracalanus parvus 89 - 1.6 - 7.1 - - - - - - - - - - 0.62 71
  Paracalanus quasimodo 90 - 4.5 - 3.4 - - - - - - - - - - 0.56 77
  Paracartia longipatella 13 - - 20.2 - - 3.0 - - - - - - - - 1.66 54
  Pareucalanus attenuatus 91 5.1 2.2 - - - 0.5 - - - - - - - - 0.56 79
  Parvocalanus crassirostris 92 112.8 164.8 51.9 148.0 239.5 445.7 - - - - - - - - 83.05 5
  Parvocalanus scotti 93 - 3.6 28.4 2.7 3.3 5.4 - - - - - - - - 3.10 37
  Pleuromamma  spp. 94 - - - - 3.2 - - - - - - - - - 0.23 100
  Pontellidae spp. 95 0.6 - - - - - - - - - - - - - 0.05 135
  Pseudodiaptomus hessei 97 491.5 407.1 1 350.6 3 867.5 2 221.8 3 348.1 3 740.1 4 286.3 8 125.9 4 336.8 7 563.2 3 267.6 5 010.0 2 135.7 3 582.30 2
  Pseudodiaptomus serricaudatus 98 12.5 2.8 - 2.7 - - 12.3 69.0 46.0 - - - - - 10.38 23
  Pseudodiaptomus stuhlmanni 96 0.2 - - - - - 0.9 - - - - - - - 0.08 119
  Rhincalanus nasutus 100 - 0.2 - - - - - - - - - - - - 0.02 143
  Sapphirina  spp. 103 - - - - 3.6 - - - - - - 17.6 - 10.2 2.24 48
  Temora discaudata 104 - 0.2 4.1 - 3.2 - - - - - - - - - 0.53 80
  Temora turbinata 105 0.4 22.8 - 4.6 - 1.8 10.9 - - - - - - - 2.90 40
  Triconia conifera 106 3.8 2.0 - - - 2.0 - - - - - - - - 0.56 78
  Tricona minuta 107 - 1.7 - - - - - - - - - - - - 0.12 114
Order Mysida
  Gastrosaccus brevifissura 109 14.0 14.2 0.5 11.5 0.9 - - - - - - - - - 2.95 39
  Mesopodopsis africana 110 36.9 2.0 466.3 318.6 602.9 992.2 1 206.7 929.6 2 429.6 1 916.5 7 268.1 3 090.5 3 382.8 3 119.9 1 840.18 3
  Mesopodopsis wooldridgei 111 1.0 - - 2.3 - - 0.2 - - - - - - - 0.25 95
  Rhopalophthalmus terranatalis 112 - - 1.5 2.7 - 15.4 2.3 - - - - - - - 1.57 55
Order Cumacea
  Cumacea spp. 113 28.5 11.0 9.6 3.1 1.6 - - - 3.7 0.3 - - - - 4.14 32
  Iphinoe truncata 114 24.4 32.2 4.1 4.5 7.3 10.2 1.4 - - - - - - 2.2 6.16 27
Order Tanaidacea
  Apseudes digitalis 115 4.0 2.9 0.5 2.5 - - 10.6 0.8 0.9 22.5 - - 24.8 31.1 7.18 26
  Tanaidacea sp.1 116 - 0.2 - - - - - - - - - - 6.5 - 0.48 81
Order Isopoda
  Anthuridae sp.1 117 0.7 0.6 2.8 - - - - - - - - - 1.8 - 0.42 84
  Cirolana fluviatilis 118 - 0.4 - - - - - - - - - - 3.5 1.7 0.40 85
Sampling stations (ranked by distance from the sea): Density (ind.m
-3
) 
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Appendix 2a: continued. 
 
Taxa Cat. Ave. N Rank
# 1A 1 1B 2 2A 2B 3 4 5 6 7 8 9 10 (ind.m
-3
)
  Corallana africana 119 1.2 - - - - - 10.6 - - - 3.3 1.9 6.1 2.5 1.83 52
  Cyathura carinata 120 2.3 - 2.9 - - - - - - - - - - - 0.37 86
  Cyathura estuaria 121 - - - 2.7 - 2.2 - - - - - - - - 0.35 88
  Cymodoce  spp. 122 - 0.2 - - - - - - - - - - - - 0.01 146
  Dynamenella huttoni 123 2.5 - - - - - - - - - - - - - 0.18 107
  Dynamenella taurus 124 0.4 - - - - - - - - - - - - - 0.03 139
  Eurydice kensleyi 125 0.8 - - - - - - - - - - - - - 0.06 126
  Eurydice longicornis 126 12.2 - 1.6 - - 1.4 - - - - - - - - 1.09 61
  Excirolana natalensis 127 0.7 - 2.6 - - 0.6 - - - - - - - - 0.28 92
  Exosphaeroma  sp.1 129 - 1.8 0.3 - - - - - - - - - 1.8 - 0.28 91
  Gnathia africana 130 0.8 0.6 - - - - - - - - 6.6 0.6 - 0.8 0.67 67
Order Amphipoda
  Afrochiltonia capensis 131 2.1 - - - - - - - - - 6.6 5.0 40.9 8.2 4.49 31
  Americorophium triaeonyx 134 9.2 1.1 20.9 0.8 3.0 4.4 12.3 1.2 - 33.2 1.5 12.8 32.1 40.7 12.38 19
  Aora typica 132 - - - - - - - - - - - - 0.2 3.4 0.26 94
  Caprella equilibra 133 - 0.2 - 0.1 - - - - - - - - - - 0.03 140
  Corophiidae spp. 135 - 0.4 - 0.1 - - - - - - - - - - 0.04 137
  Cunicus spp. 136 0.7 - 1.0 - - - - - - - - - - - 0.12 113
  Eorchestia rectipalma 149 - 1.4 - - - - - - - - - - - 3.4 0.34 89
  Floresorchestia ancheidos 148 - 0.3 - 2.4 - - - - - - 13.5 - - - 1.16 59
  Gammaridae spp. 137 1.9 - 0.2 0.4 - - - - - - - - - - 0.18 106
  Gammaropsis  spp. 138 - - - - - - - - - 1.6 - - - - 0.11 115
  Grandidierella bonnieroides 139 3.3 - - - - - - - - - - - - - 0.23 99
  Grandidierella lignorum 140 0.4 0.5 - - - - - - - - - - - - 0.06 122
  Grandidierella  spp. (females) 141 - 4.9 21.6 3.6 51.6 1.8 - 14.5 - - 16.6 5.2 - - 8.55 25
  Hyale grandicornis 142 0.2 - 0.5 - - - - - - - - - - - 0.05 134
  Hyperiidea spp. 143 - - - - - - - - - - - - - 0.8 0.06 127
  Jassa falcata 144 0.8 - - - - - - - - - - - - - 0.06 125
  Leocothoe  sp.1 145 0.7 - - - - - - - - - - - - - 0.05 133
  Lysianassa ceratina 146 4.4 1.5 - 2.4 3.6 - - - - - - - - - 0.85 63
  Melita zeylanica 147 0.2 3.2 - - - - - 0.6 - - - 0.6 12.4 14.5 2.25 47
  Orchestia  spp. (females) 150 - - - - - - - - - - - - - 0.8 0.06 129
Sampling stations (ranked by distance from the sea): Density (ind.m
-3
) 
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Appendix 2a: continued. 
 
 
Taxa Cat. Ave. N Rank
# 1A 1 1B 2 2A 2B 3 4 5 6 7 8 9 10 (ind.m
-3
)
  Pseudoprotella phasma 151 - - - 0.1 - - - - - - - - - - 0.01 147
  Urothoe coxalis 152 0.3 - - - - - - - - - - - - - 0.02 142
  Urothoe tumorosa 155 - 1.3 0.5 - - - - - - - - - - - 0.13 110
Order Decapoda
  Acetes natalensis 156 1.2 - - - - - - - - - - - - - 0.09 117
  Lucifer penicillifer 159 0.8 - - 0.6 - - - - - - - - - - 0.10 116
  Penaeidae juveniles 158 1.5 0.3 - - - 5.0 - - - - - - - 2.9 0.70 66
  Unidentified Decapoda larvae 178 4.3 35.3 0.2 2.5 6.0 3.0 3.3 - - - 0.3 0.6 5.4 97.1 11.29 22
Infraorder Gebiidae
  Thalassinidae larvae 160 3.2 4.9 - - - 0.5 - - - - - - - - 0.61 74
  Upogebia africana  larvae 162 17.8 38.8 4.7 9.2 16.8 19.9 5.8 4.9 0.9 1.0 11.4 6.0 5.9 15.8 11.35 21
Infraorder Anomura
  Porcellanidae larvae 168 3.3 - - 0.1 - - - - - - - - 18.3 - 1.55 56
Infraorder Brachyura
  Chiromantes eulimene  zoea 170 428.0 - 61.9 0.3 - 47.5 - - - - 6.6 - - - 38.88 10
  Hymenosoma orbiculare  zoea 164 0.6 - 0.2 17.5 34.0 8.9 14.1 43.4 101.1 37.5 33.6 24.6 15.2 3.0 23.84 12
  Metopograpsus messor  zoea 165 2.0 1.7 0.5 - 13.0 - - - - - - - - - 1.22 58
  Neosarmatium africanum zoea 166 - 1.0 1.0 - 28.0 348.6 2.3 2.4 - 3.6 - - - 30.7 29.82 11
  Parasesarma catenatum  zoea 169 22.4 21.0 24.4 0.9 21.3 872.0 4.0 7.8 2.0 5.3 3.8 3.4 - - 70.58 6
  Paratylodiplax blephariskios  zoea 167 6.4 20.3 24.7 6.9 29.0 195.2 17.3 3.2 1.4 2.1 24.4 - - - 23.64 13
  Perisesarma guttatum  zoea 171 - 0.4 107.9 - 55.6 14.0 - 44.1 13.1 - - - - - 16.80 17
  Uca annulipes  zoea 172 20.2 - 130.0 - 97.2 43.3 - - - - - - - - 20.76 14
  Uca urvillei zoea 173 45.6 534.2 71.9 5.1 - 7.9 3.4 - - - - - - - 47.73 9
  Uca vocans  zoea 174 18.8 - 54.0 - 2.2 2.5 - - - - - - - - 5.53 30
  Unidentified Megalopa 176 6.9 21.9 6.9 0.4 2.8 0.8 0.6 16.5 24.4 0.9 0.6 0.9 0.2 - 5.98 28
Class Pycnogonida
  Pycnogonida spp. 179 - 0.3 - - - - - - - - - - 2.6 - 0.21 101
Phylum Chaetognatha
  Chaetognatha spp. 180 1.9 7.9 0.5 - 20.2 - - 2.8 - 4.0 - - - - 2.67 41
Subphylum Tunicata
  Appendicularia spp. 181 1.5 2.9 1.0 2.4 - 0.8 - - - - - - - - 0.61 73
Sampling stations (ranked by distance from the sea): Density (ind.m
-3
) 
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Appendix 2a: Continued. 
 
 
Taxa Cat. Ave. N Rank
# 1A 1 1B 2 2A 2B 3 4 5 6 7 8 9 10 (ind.m
-3
)
Phylum Mollusca
  Gastropoda larvae 183 101.0 48.0 10.7 3.4 31.3 7.8 1.2 3.2 19.9 15.7 0.5 3.4 4.1 - 17.87 16
  Bivalvia larvae 184 52.4 61.8 0.2 7.5 - 1.7 1.9 27.7 5.9 4.5 1.5 2.0 3.4 - 12.18 20
  Bivalvia veliger larvae 185 2.8 - - - - - - - - - - - - - 0.20 105
Superclass Pisces
  Fish eggs 186 100.7 125.3 34.0 38.4 31.2 88.6 90.2 105.1 334.2 76.8 144.5 45.7 35.6 44.3 92.48 4
  Fish larvae 187 53.4 63.1 98.9 23.5 68.7 120.7 16.4 57.9 97.8 36.1 73.4 129.1 40.8 19.7 64.25 7
Sampling stations (ranked by distance from the sea): Density (ind.m
-3
) 
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Appendix 2b: Station-averaged (n = 5) density (ind.m
-3
), overall average density (Ave. N) and abundance ranks of winter zooplankton species 
recorded in the Mgazana Estuary from 2002-2006.  Cat. # = species catalogue number. 
 
Taxa Cat. Ave. N Rank
# 1A 1 1B 2 2A 2B 3 4 5 6 7 8 9 10 (ind.m
-3
)
Phylum Foraminifera
  Foraminifera spp. 1 - 0.6 - 4.7 1.1 - - - - - - - - - 0.46 105
Class Hydrozoa
  Hydroidolina spp. 2 - 0.8 - - - - - 1.9 - 5.2 - - - 6.8 1.05 80
  Campanulariidae spp. 3 0.6 - - - - 1.3 - - - - - - - 22.3 1.73 69
  Rhopalonematidae spp. 4 0.4 0.6 - 4.7 4.5 - - - - - - - - - 0.73 93
Class Polychaeta
  Polychaeta larvae sp.1 7 15.0 0.8 1.5 25.4 4.5 11.5 1.2 1.9 9.3 2.5 4.3 2.6 4.6 - 6.08 38
  Polychaeta sp.1 9 17.5 4.4 30.9 4.4 0.9 1.3 - - - - - - - - 4.25 43
  Prionospio malmgreni 6 - - - - - - 0.4 0.5 - - - - - - 0.07 140
  Prionospio sexoculata 8 - - - - - - - - - - - 7.0 4.6 - 0.83 89
Class Insecta
  Insecta  larvae 10 - - - - - - - - - - - 9.3 6.6 16.9 2.34 60
Class Ostracoda
  Ostracoda spp. 11 8.1 11.8 3.1 3.0 1.9 0.4 - - - - - - - - 2.02 63
Subclass Copepoda
  Acartia danae 12 - 1.8 0.1 - - 2.5 - - - - - - - - 0.31 112
  Acartia neglegans 15 9.1 1.1 - - 6.4 12.6 19.8 - - - - - - - 3.50 51
  Acartiella natalensis 14 - - - 20.0 7.1 - 86.4 2 317.3 11 370.1 15 260.5 23 633.6 13 926.4 18 851.0 26 321.3 7 985.27 1
  Acrocalanus gracilis 16 15.4 0.9 31.9 5.7 3.1 - 1.9 - - - - - - - 4.20 44
  Acrocalanus monachus 17 - - - - 1.6 - - - - - - - - - 0.12 133
  Acrocalanus  sp.1 18 3.7 - - - - - - - - - - - - - 0.27 121
  Aegisthus acileafus 19 7.9 - - - 5.1 - - - - - - - - - 0.93 86
  Aegisthus sp.1 20 - - - - - 1.4 - - - - - - - - 0.10 134
  Bradyidius hirsutus 21 9.1 6.8 5.3 27.8 5.9 21.5 22.0 48.3 1.0 - - - - - 10.55 25
  Calanidae spp. 22 0.9 - - - 0.3 - - - - 0.6 - - - - 0.12 131
  Calanus alguhensis 23 6.6 12.7 1.6 29.4 10.8 - 19.1 - - - - - - - 5.73 40
  Calanoides brevicornis 24 - - - - - - 14.3 - - - - - - - 1.02 83
  Calanoida stage IV copepodids 25 - 8.7 - - - - 33.4 - - - - - - - 3.00 54
  Calanopia elliptica 26 - - 1.1 - - - - - - - - - - - 0.08 138
  Calocalanus minor 27 - - - - 20.4 0.8 1.9 1.9 - - - - - - 1.79 67
  Calocalanus pavo 28 5.5 - - 1.1 5.4 4.3 - - - - - - - - 1.16 78
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Appendix 2b: continued. 
 
Taxa Cat. Ave. N Rank
# 1A 1 1B 2 2A 2B 3 4 5 6 7 8 9 10 (ind.m
-3
)
  Calocalanus  sp.1 29 4.1 - 0.8 - 2.6 - - - - - - - - - 0.53 100
  Candacia  sp.1 30 3.7 - - - - - - - - - - - - - 0.27 122
  Canthocalanus pauper 31 - - - - 0.3 - - - - - - - - - 0.02 156
  Centropages chierchiae 32 4.2 0.6 0.4 4.7 1.1 - - - - - - - - - 0.78 91
  Centropages furcatus 33 0.2 - - - - - - - - - - - - - 0.01 158
  Centropages  spp. 34 - - - - 0.3 - - 1.9 - - - - - - 0.16 126
  Centropages typicus 35 0.2 - - - - - - - - - - - - - 0.01 159
  Clausidiidae larvae 101 - 0.4 0.8 1.9 - - - - - - - - 0.2 - 0.23 124
  Clausocalanus breviceps 36 7.9 - 0.8 - 1.1 - - - - - - - - - 0.70 94
  Clausocalanus furcatus 37 5.8 - - - - 1.3 - - - - - - - - 0.51 101
  Clausocalanus  sp.1 38 7.9 10.6 0.7 - 0.6 - 5.0 29.5 - - - - - - 3.88 49
  Clytemnestra rostrata 39 - - - - - - 0.4 - 1.8 0.6 - 2.5 - - 0.38 109
  Clytemnestra scutellata 40 0.3 0.6 0.4 4.7 0.8 5.2 9.5 - - - - - - - 1.54 71
  Copilia sp.1 42 - 0.4 - 8.6 - - - - - - - - - - 0.65 96
  Corycaeus africanus 43 2.4 1.6 1.4 56.8 1.1 11.5 8.6 - - - - - - - 5.96 39
  Corycaeus asiaticus 45 1.4 5.3 - 1.1 2.5 11.5 1.9 - - - - - - - 1.68 70
  Corycaeus latus 46 5.5 - - 1.9 - - - 5.3 - - - - - - 0.91 87
  Corycaeus lautus 47 - 0.5 - - - - - - - - - - - - 0.03 149
  Corycaeus longistylis 48 7.9 5.0 4.8 47.2 13.3 4.3 1.9 7.3 - - - - - - 6.55 36
  Corycaeus  sp.1 49 4.2 - 0.8 - - - - 1.9 - - - - - - 0.49 102
  Corycaeus speciosus 50 5.1 6.1 2.8 12.7 2.1 6.3 4.2 3.8 - - - - - - 3.08 53
  Corycaeus typicus 51 - - - - 0.9 - 0.4 - - - - - - - 0.09 135
  Cosmocalanus darwinii 52 6.2 8.1 - 9.9 2.2 - - - - - - - - - 1.89 66
  Cyclopoida spp. 53 - 0.8 2.2 - 10.3 3.3 - - - - - - - - 1.19 76
  Dioithona oculata 54 - - - 2.2 - - - - - - - - - - 0.15 128
  Eucalanidae spp. 56 - - - - - - 1.8 - - - - - - - 0.13 130
  Eucalanus elongatus 57 17.3 4.4 1.8 5.5 2.3 - - - - - - - - - 2.24 61
  Euchaeta marina 59 - 1.5 3.5 18.0 - - - 3.8 - - - - - - 1.92 65
  Euchirella  sp.1 60 0.4 0.7 - - - - - - - - - - - - 0.08 136
  Euterpina acutifrons 61 150.4 20.4 498.1 266.2 55.8 88.5 59.4 42.8 19.8 30.4 61.1 20.1 95.7 140.2 110.63 6
  Farranula carinata 62 1.8 4.1 4.1 2.5 15.4 - 7.6 - - - - - - - 2.53 59
  Farranula gracilis 63 10.0 6.4 6.6 2.3 20.4 8.5 14.2 3.2 - - - - - - 5.11 42
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Appendix 2b: continued. 
 
Taxa Cat. Ave. N Rank
# 1A 1 1B 2 2A 2B 3 4 5 6 7 8 9 10 (ind.m
-3
)
  Halicyclops denticulatus 64 23.1 24.0 16.4 139.6 20.9 57.0 97.2 38.7 30.2 53.0 17.7 18.0 - - 38.26 11
  Halicyclops pondoensis 65 - - - - - - - - - - - - 41.3 91.1 9.45 27
  Halicyclops  sp.1 66 21.2 6.0 36.7 5.5 8.9 7.1 15.3 6.7 8.5 2.5 2.7 - - - 8.65 30
  Harpacticoida sp.1 67 5.5 0.6 - 18.0 - 3.8 0.7 60.3 6.5 3.1 39.9 - 26.9 12.1 12.68 21
  Labidocera acuta 68 - 0.5 0.4 - - - - - - - - - - - 0.06 142
  Labidocera  sp.1 69 - 8.9 - 5.9 0.8 - - - - - - - - - 1.11 79
  Macrosetella gracilis 70 0.6 4.8 1.3 22.7 3.6 - 2.4 13.0 - 7.7 - - - - 4.00 48
  Metridia  spp. 71 - - - - - 3.0 - - - - - - - - 0.21 125
  Microsetella norvegica 72 1.2 0.6 - 9.9 - 8.1 - - - - - - - - 1.41 72
  Microsetella rosea 73 0.9 - 0.8 - 2.5 - - - - - - - - - 0.29 120
  Monstrilloida spp. 74 - - - - 0.8 - - - - - - - - - 0.06 144
  Mycenocera clausi 75 21.3 1.0 0.4 1.9 1.6 0.7 - - - - - - - - 1.92 64
  Nannocalanus minor 76 17.3 8.1 - 5.1 10.2 0.4 - - - - - - - - 2.95 55
  Oithona brevicornis 77 37.0 9.6 39.3 34.0 17.1 19.9 35.3 32.6 188.5 81.2 27.9 29.2 53.9 44.7 46.45 9
  Oithona fallax 78 33.0 10.0 5.4 12.0 14.1 36.4 29.5 7.0 - - - - - - 10.53 26
  Oithona frigida 79 - - 30.9 - - - - - - - - - - - 2.21 62
  Oithona nana 80 18.3 9.7 37.9 40.2 31.2 19.4 61.7 - - - - - - - 15.61 17
  Oithona plumifera 81 0.4 - - 0.4 - - - - - - - - - - 0.06 143
  Oithona rigida 55 6.4 7.7 94.3 22.7 7.7 - - 14.6 - - - - - - 10.95 24
  Oithona robusta 82 0.8 - - - - - - - - - - - - - 0.05 145
  Oithona similis 83 7.2 6.3 84.3 2.1 11.5 3.3 6.0 0.4 - - - - - - 8.65 29
  Oithona simplex 84 0.8 4.8 5.5 0.8 5.3 2.4 - - - - - - - - 1.39 73
  Oncaea media 86 14.1 5.7 5.3 11.1 16.1 4.3 3.7 11.5 - - - - - - 5.11 41
  Oncaea mediterranea 87 19.7 6.6 6.1 44.7 23.9 19.5 6.8 - - - - - - - 9.10 28
  Oncaea venusta 88 29.3 17.2 15.4 147.5 15.9 50.3 9.1 37.5 - - - - - - 23.02 14
  Onychocorycaeus agilis 44 - - - - 0.5 - - - - - - - - - 0.04 147
  Paracalanus parvus 89 31.7 8.9 10.2 61.8 24.6 57.8 3.8 - - - - - - - 14.20 18
  Paraeuchaeta concinna 58 - 0.4 - - - - - - - - - - - - 0.03 150
  Pareucalanus attenuatus 91 10.4 7.4 5.8 8.7 10.8 3.8 7.4 - - 2.5 - - - - 4.06 47
  Parvocalanus crassirostris 92 1 230.7 448.2 622.8 600.6 1 130.1 1 294.0 49.7 29.2 - - - - - - 386.10 3
  Parvocalanus scotti 93 14.1 9.9 34.6 5.5 16.4 6.9 1.9 94.9 - - - - - - 13.15 20
  Pleuromamma  spp. 94 1.8 - - 0.4 - 4.3 - - - - - - - - 0.46 104
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Appendix 2b: continued. 
 
Taxa Cat. Ave. N Rank
# 1A 1 1B 2 2A 2B 3 4 5 6 7 8 9 10 (ind.m
-3
)
  Pseudodiaptomus hessei 97 14.5 148.3 896.5 1 078.3 2 080.4 2 221.7 2 016.7 3 678.9 5 482.4 6 748.2 9 316.2 5 959.3 6 534.3 5 755.6 3 709.38 2
  Pseudodiaptomus serricaudatus 98 - - 0.4 26.0 7.4 15.9 5.0 25.7 26.8 - - - - - 7.65 33
  Pseudodiaptomus stuhlmanni 96 - - - - - - 32.9 2.9 - - - - - - 2.56 58
  Rhincalanus gigas 99 2.7 0.4 - 1.9 - - - - - - - - - - 0.36 110
  Rhincalanus nasutus 100 - 0.4 - - 0.3 - - - - - - - - - 0.04 146
  Sapphirina nigromaculata 102 3.7 - - 2.2 - - - - - - - - - - 0.42 107
  Sapphirina  spp. 103 4.2 1.9 3.4 6.0 2.7 8.7 11.3 - - 0.6 45.6 - - 10.6 6.79 35
  Temora discaudata 104 1.6 7.7 2.9 0.7 5.4 3.8 - - - 9.1 26.1 - - - 4.09 46
  Temora turbinata 105 15.7 6.8 6.9 52.8 5.4 4.3 12.6 11.5 - 1.0 19.6 2.7 8.0 9.6 11.20 22
  Triconia conifera 106 16.5 12.2 1.1 4.8 38.2 18.9 6.4 - - - - - - - 7.01 34
  Tricona minuta 107 2.7 4.1 1.9 29.1 5.0 - 9.9 36.5 - - - - - - 6.37 37
  Undinula vulgaris 108 10.9 - - 1.9 0.7 - - - - - - - - - 0.97 85
Order Mysida
  Gastrosaccus brevifissura 109 10.9 7.7 - 4.4 13.6 - - - - - - - - - 2.62 57
  Mesopodopsis africana 110 - - 2.5 0.2 16.7 26.1 11.0 123.1 106.6 46.9 75.6 28.3 39.5 75.9 39.45 10
  Mesopodopsis wooldridgei 111 - - 2.5 0.4 - 1.6 1.7 10.5 - - - - - - 1.18 77
  Rhopalophthalmus terranatalis 112 - - 4.3 - - - 1.2 - - - - - - - 0.39 108
Order Cumacea
  Cumacea spp. 113 8.9 7.5 11.6 1.2 3.5 1.8 5.6 1.0 - - - - 6.2 - 3.38 52
  Iphinoe truncata 114 - - 3.0 - 1.0 3.5 2.2 2.9 4.7 4.2 29.0 5.6 39.7 59.5 11.08 23
Order Tanaidacea
  Apseudes digitalis 115 - - 1.0 - - - - - - - - - - 23.5 1.75 68
Order Isopoda
  Anthuridae sp.1 117 - - 0.8 - - 0.9 - - - - - - - - 0.12 132
  Cirolana fluviatilis 118 - - 0.3 - - - - - - - - 3.2 - 0.6 0.29 119
  Corallana africana 119 - - - - - 4.2 - 3.8 - - - - - - 0.57 99
  Cyathura estuaria 121 - - - - - - 1.9 - - - - - - - 0.13 129
  Eurydice longicornis 126 0.9 0.8 - - - 5.0 - - - - - - - - 0.48 103
  Excirolana natalensis 127 0.9 - - - - 0.9 - 0.4 - - - - - - 0.15 127
  Exosphaeroma hylecoetes 128 - - - - - - - - - - - - - 5.9 0.42 106
  Gnathia africana 130 4.2 0.4 - 0.7 - - - - - - 3.8 - 0.3 0.9 0.73 92
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Appendix 2b: continued. 
 
Taxa Cat. Ave. N Rank
# 1A 1 1B 2 2A 2B 3 4 5 6 7 8 9 10 (ind.m
-3
)
Order Amphipoda
  Afrochiltonia capensis 131 - - - - 0.6 - - - - - 3.8 - - 5.2 0.69 95
  Americorophium triaeonyx 134 - - 6.4 - - - - - - - - - 48.1 164.0 15.61 16
  Aora typica 132 - 0.4 - - - - - - - - - - - - 0.03 152
  Caprella equilibra 133 - 0.4 - - - - - - - - - - - - 0.03 153
  Eorchestia rectipalma 149 - 0.4 - - - - - - - - - - - - 0.03 155
  Floresorchestia ancheidos 148 - 0.4 - - - - - - - - - - - - 0.03 154
  Grandidierella bonnieroides 139 - - 0.4 0.7 - - 4.8 - 2.7 2.5 - 3.5 - - 1.04 82
  Grandidierella  spp. (females) 141 0.2 - 0.7 - - 0.5 4.8 10.4 1.0 - - - - - 1.26 74
  Lysianassa ceratina 146 0.4 0.4 0.2 2.0 1.6 - 6.7 - - - - - - - 0.81 90
  Melita zeylanica 147 0.4 - - - - 7.6 0.4 - - 2.5 - 1.3 - - 0.88 88
  Urothoe elegans 153 - - - - - 1.0 - - - - - - - - 0.07 139
  Urothoe pinnata 154 4.2 - - - - - - - - - - - - - 0.30 116
  Urothoe tumorosa 155 7.9 1.2 - - - - - - - - - - - - 0.65 97
Order Decapoda
  Lucifer penicillifer 159 - - - - 0.3 - - 0.5 - - - - - - 0.06 141
  Palaemonidae larvae 157 3.7 0.5 0.8 - 3.5 - - - - - - - - - 0.60 98
  Penaeidae juveniles 158 - - 0.2 - - - - - - - - - - - 0.01 157
  Unidentified Decapoda larvae 178 12.9 3.2 2.9 4.7 3.9 - 9.5 - 41.2 - - 31.9 - 0.9 7.93 31
Infraorder Axiidea
  Callichirus kraussi  larvae 161 - - - - 0.4 - - - - - - - - - 0.03 151
Infraorder Gebiidea
  Upogebia africana  larvae 162 332.9 25.6 888.6 101.2 142.1 303.8 68.6 80.8 71.9 105.7 35.7 175.3 26.6 12.3 169.36 5
Infraorder Anomura
  Porcellanidae larvae 168 0.6 0.8 1.5 2.4 3.2 1.3 4.8 - - - - - - - 1.04 81
Infraorder Brachyura
  Chiromantes eulimene  zoea 170 3.7 - - - - - 13.5 - - - - - - - 1.23 75
  Dotilla fenestrata  zoea 163 - - - - - - 4.2 - - - - - - - 0.30 117
  Hymenosoma orbiculare  zoea 164 - - - - 0.8 1.1 - 3.8 2.8 - 2.7 6.9 28.7 10.7 4.11 45
  Metopograpsus messor  zoea 165 0.4 0.7 - - - - - - - - - - - - 0.08 137
  Neosarmatium africanum  zoea 166 - 0.4 1 514.8 - 218.8 762.6 26.4 - 12.4 3.8 - 2.2 - - 181.54 4
  Parasesarma catenatum  zoea 169 21.4 1.3 46.5 62.4 5.0 6.2 123.8 32.4 257.3 67.5 91.8 3.5 12.7 - 52.26 7
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Taxa Cat. Ave. N Rank
# 1A 1 1B 2 2A 2B 3 4 5 6 7 8 9 10 (ind.m
-3
)
  Paratylodiplax blephariskios  zoea 167 11.4 7.7 72.0 15.5 49.6 71.4 196.4 72.1 88.3 60.1 46.6 15.9 - - 50.50 8
  Perisesarma guttatum  zoea 171 - - - - - - 4.8 - - - - - - - 0.34 111
  Uca annulipes  zoea 172 - - - - - 4.2 - - - - - - - - 0.30 114
  Uca urville i zoea 173 3.7 - - - - - - - - - - - - - 0.27 123
  Uca vocans zoea 174 - - - - - 4.2 - - - - - - - - 0.30 115
  Unidentified megalopa 176 7.6 11.5 30.6 47.4 18.5 25.9 21.0 7.6 23.0 - - - - - 13.80 19
  Unidentified zoea 177 - - - - - - 4.8 2.9 - - - - - 5.9 0.97 84
  Varuna litterata megalopa 175 - - - - - - - - 4.1 - - - - - 0.30 118
Phylum Chaetognatha
  Chaetognatha spp. 180 50.4 30.7 3.4 69.7 30.7 38.9 45.2 2.1 1.0 - - - - - 19.43 15
Subphylum Tunicata
  Appendicularia spp. 181 11.2 12.8 31.6 17.5 31.9 2.7 - - - - - - - - 7.70 32
  Doliolum  spp. 182 - - - - 0.5 - - - - - - - - - 0.04 148
Phylum Mollusca
  Gastropoda larvae 183 4.2 0.8 39.3 2.2 - 5.2 - - - - - - - - 3.69 50
  Bivalvia larvae 184 - - - - - 4.3 - - - - - - - - 0.30 113
  Bivalvia veliger larvae 185 12.5 1.9 17.5 2.2 - 3.0 - - - - - - - - 2.65 56
Superclass Pisces
  Fish eggs 186 41.0 45.0 82.0 47.3 18.0 32.6 15.2 15.3 - 35.0 17.5 2.1 - - 25.06 13
  Fish larvae 187 17.1 18.7 36.6 37.3 4.8 5.4 10.0 59.8 47.3 52.7 86.5 60.6 33.7 19.9 35.03 12
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Appendix 3: Results obtained from the Similarity of percentages (SIMPER) tests performed 
on Summer Assemblage Groups (SAI, SAII, SAIII), indicating those species cumulatively 
contributing more than 90% of the within group similarity (WGS).  Species are ranked by 
their respective contributions to the WGS.  For each species, the higher taxon and general life 
history and salinity association descriptions are given where: E = euryhaline, SE = steno-
euryhaline, S = stenohaline, M = merozooplankton, B-P = bentho-pelagic.  SAI was 
characterized by a mixed community comprising mostly species of marine origin.  SAII 
comprised euryhaline Copepoda and Decapoda larvae, while SAIII were characterized by 
euryhaline Copepoda and bentho-pelagic Peracarida. 
 
 
 
Species Higher Description Ave. density % N Contr. Cum. Contr.
taxa (ind.m
-3
) WGS (%) WGS (%)
Assemblage: SAI (L = larvae, Z = Z)
Pseudodiaptomus hessei Copepoda E 2 137.30 49.15 7.84 7.84
Parvocalanus crassirostris Copepoda SE 156.42 3.60 6.08 13.92
Halicyclops denticulatus Copepoda SE 229.35 5.27 3.97 17.89
Acartiella natalensis Copepoda E 1 011.54 23.26 3.93 21.82
Oithona brevicornis Copepoda SE 80.21 1.84 3.75 25.56
Euterpina acutifrons Copepoda SE 21.05 0.48 3.33 28.90
Gastrosaccus brevifissura Mysida E, B-P 12.87 0.30 3.22 32.11
Upogebia africana  L Gebiidea M 23.99 0.55 3.03 35.15
Halicyclops  sp. 1 Copepoda SE 11.71 0.27 2.98 38.12
Acartia neglegans Copepoda S 12.69 0.29 2.89 41.02
Oithona simplex Copepoda SE 10.14 0.23 2.82 43.84
Paratylodiplax blephariskios  Z Brachyura M 13.59 0.31 2.82 46.67
Uca urvillei  Z Brachyura M 269.65 6.20 2.62 49.28
Temora turbinata Copepoda SE 13.73 0.32 2.56 51.84
Iphinoe truncata Cumacea E, B-P 18.35 0.42 2.53 54.38
Corycaeus longistylis Copepoda SE 4.08 0.09 2.47 56.84
Grandidierella  spp. (fem) Amphipoda SE, B-P 4.22 0.10 2.40 59.24
Paracalanus quasimodo Copepoda SE 3.95 0.09 2.38 61.62
Oithona fallax Copepoda SE 4.38 0.10 2.25 63.86
Pseudodiaptomus serricaudatus Copepoda S 2.74 0.06 2.24 66.11
Farranula gracilis Copepoda SE 5.72 0.13 2.24 68.34
Oithona similis Copepoda SE 14.00 0.32 2.24 70.58
Parvocalanus scotti Copepoda SE 3.16 0.07 2.24 72.81
Farranula carinata Copepoda SE 4.76 0.11 2.22 75.03
Apseudes digitalis Tanaidacea E, B-P 2.67 0.06 2.19 77.22
Aegisthus acileafus Copepoda S 3.73 0.09 2.16 79.38
Clytemnestra scutellata Copepoda S 14.53 0.33 2.12 81.50
Mesopodopsis africana Mysida E, B-P 160.34 3.69 2.09 83.58
Oithona nana Copepoda SE 2.91 0.07 2.02 85.60
Calanus alguhensis Copepoda S 2.06 0.05 2.01 87.61
Paracalanus parvus Copepoda SE 4.31 0.10 1.95 89.56
Lysianassa ceratina Amphipoda SE, B-P 1.91 0.04 1.92 91.48
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Appendix 3: continued. 
 
 
 
Species Higher Description Ave. density % N Contr. Cum. Contr.
taxa (ind.m
-3
) WGS (%) WGS (%)
Assemblage: SAII (L = larvae, Z = zoea)
Acartiella natalensis Copepoda E 29 083.31 78.04 32.21 32.21
Pseudodiaptomus hessei Copepoda E 5 219.98 14.01 21.40 53.62
Mesopodopsis africana Mysida E, B-P 2 806.82 7.53 16.71 70.33
Hymenosoma orbiculare  Z Brachyura M 42.40 0.11 6.02 76.35
Parasesarma catenatum  Z Brachyura M 4.37 0.01 3.58 79.92
Upogebia africana  L Gebiidea M 5.00 0.01 3.23 83.15
Americorophium triaeonyx Amphipoda E, B-P 10.18 0.03 2.37 85.52
Paratylodiplax blephariskios  Z Brachyura M 8.07 0.02 2.23 87.75
Oithona brevicornis Copepoda SE 12.62 0.03 1.98 89.73
Polychaeta L sp. 1 Polychaeta M 1.47 <0.01 1.73 91.47
Assemblage: SAIII
Acartiella natalensis Copepoda E 14 822.50 67.91 25.04 25.04
Mesopodopsis africana Mysida E, B-P 3 251.32 14.90 17.84 42.87
Pseudodiaptomus hessei Copepoda E 3 572.88 16.37 16.23 59.10
Americorophium triaeonyx Amphipoda E, B-P 36.43 0.17 5.68 64.78
Apseudes digitalis Tanaidacea E, B-P 27.93 0.13 5.32 70.11
Melita zeylanica Amphipoda E, B-P 13.45 0.06 4.48 74.58
Afrochiltonia capensis Amphipoda E, B-P 24.55 0.11 4.04 78.62
Polychaeta L sp. 1 Polychaeta M 8.98 0.04 3.91 82.53
Upogebia africana  L Gebiidea M 10.85 0.05 3.72 86.25
Hymenosoma orbiculare  Z Brachyura M 9.08 0.04 3.13 89.39
Corallana africana Isopoda SE 4.28 0.02 2.99 92.38
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Appendix 4: Results obtained from the Similarity of percentages (SIMPER) tests performed 
on Summer Assemblage Groups (WAI, WAII, WAIII, WAIV).  Constituents are as they 
appear in Appendix 4.  WAI almost exclusively comprised species of marine origin (S, SE).  
The largest contribution for WAII came from steno-euryhaline species, while euryhaline and 
decapod larvae characterized WAIII and, euryhaline and bentho-pelagic peracarids 
characterized WAIV. 
 
 
 
Species Higher Description Ave. density % N Contr. Cum. Contr.
taxa (ind.m
-3
) WGS (%) WGS (%)
Assemblage: WAI (L = larvae, Z = zoea)
Parvocalanus crassirostris Copepoda SE 524.43 25.77 6.00 6.00
Pseudodiaptomus hessei Copepoda E 613.33 30.14 4.55 10.54
Upogebia africana  L Gebiidea M 63.37 3.11 2.93 13.47
Halicyclops denticulatus Copepoda SE 81.79 4.02 2.88 16.36
Euterpina acutifrons Copepoda SE 143.34 7.04 2.77 19.13
Oncaea venusta Copepoda SE 82.39 4.05 2.66 21.78
Calanus alguhensis Copepoda S 21.03 1.03 2.46 24.24
Oithona fallax Copepoda SE 11.01 0.54 2.32 26.56
Oithona nana Copepoda SE 24.99 1.23 2.30 28.86
Oithona brevicornis Copepoda SE 21.78 1.07 2.29 31.15
Paracalanus parvus Copepoda SE 35.37 1.74 2.25 33.41
Cosmocalanus darwinii Copepoda S 9.03 0.44 2.20 35.61
Paratylodiplax blephariskios Z Brachyura M 11.58 0.57 2.17 37.78
Oithona rigida Copepoda SE 15.19 0.75 2.17 39.95
Pareucalanus attenuatus Copepoda S 8.04 0.40 2.15 42.10
Bradyidius hirsutus Copepoda SE 17.29 0.85 2.11 44.20
Temora turbinata Copepoda SE 29.78 1.46 2.10 46.31
Oncaea mediterranea Copepoda SE 25.66 1.26 2.09 48.40
Corycaeus speciosus Copepoda SE 9.40 0.46 2.04 50.44
Labidocera  sp.1 Copepoda S 7.37 0.36 2.03 52.47
Oncaea media Copepoda SE 8.40 0.41 2.02 54.48
Halicyclops sp.1 Copepoda SE 5.75 0.28 2.00 56.48
Parvocalanus scotti Copepoda SE 7.69 0.38 2.00 58.48
Nannocalanus minor Copepoda S 6.64 0.33 1.96 60.44
Corycaeus longistylis Copepoda SE 26.11 1.28 1.95 62.39
Triconia conifera Copepoda SE 8.52 0.42 1.93 64.31
Macrosetella gracilis Copepoda S 13.74 0.68 1.93 66.24
Gastrosaccus brevifissura Mysida E, B-P 6.08 0.30 1.89 68.13
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Appendix 4: continued 
 
Species Higher taxa Description Ave. density % N Contr. Cum. Contr.
(ind.m
-3
) WGS (%) WGS (%)
Assemblage WAI continued.
Eucalanus elongatus Copepoda SE 4.95 0.24 1.89 70.02
Tricona minuta Copepoda SE 16.60 0.82 1.86 71.88
Farranula carinata Copepoda SE 3.33 0.16 1.64 73.52
Farranula gracilis Copepoda SE 4.35 0.21 1.60 75.12
Oithona similis Copepoda SE 4.20 0.21 1.56 76.68
Sapphirinia  sp.1 Copepoda S 3.95 0.19 1.53 78.21
Corycaeus africanus Copepoda SE 29.22 1.44 1.47 79.68
Eucheata marina Copepoda S 9.76 0.48 1.44 81.12
Parasesarma catenatum  Z Brachyura M 31.81 1.56 1.38 82.50
Corycaeus asiaticus Copepoda SE 3.20 0.16 1.33 83.83
Mycenocera clausi Copepoda S 1.46 0.07 1.30 85.12
Acrocalanus gracilis Copepoda S 3.26 0.16 1.26 86.38
Polychaeta L sp.1 Polychaeta M 13.09 0.64 1.24 87.62
Porcellanidae Z sp.1 Anomura M 1.61 0.08 1.23 88.85
Oithona simplex Copepoda SE 2.79 0.14 1.22 90.07
Assemblage: WAII (L = larvae, Z = zoea)
Pseudodiaptomus hessei Copepoda E 2 847.80 56.77 11.19 11.19
Acartiella natalensis Copepoda E 1 201.85 23.96 5.09 16.28
Paratylodiplax blephariskios Z Brachyura M 134.26 2.68 4.87 21.14
Upogebia africana  L Gebiidea M 74.71 1.49 4.80 25.95
Euterpina acutifrons Copepoda SE 51.11 1.02 4.27 30.22
Halicyclops denticulatus Copepoda SE 67.93 1.35 4.16 34.38
Oithona brevicornis Copepoda SE 33.95 0.68 3.99 38.37
Parasesarma catenatum Z Brachyura M 78.10 1.56 3.98 42.35
Parvocalanus crassirostris Copepoda SE 39.43 0.79 3.88 46.23
Bradyidius hirsutus Copepoda SE 35.15 0.70 3.62 49.85
Temora turbinata Copepoda SE 12.04 0.24 3.07 52.92
Mesopodopsis africana Mysida E, B-P 67.01 1.34 3.04 55.96
Tricona minuta Copepoda SE 23.21 0.46 2.96 58.92
Oncaea venusta Copepoda SE 23.29 0.46 2.90 61.82
Oithona fallax Copepoda SE 18.25 0.36 2.72 64.53
Halicyclops  sp.1 Copepoda SE 10.99 0.22 2.68 67.22
Clausocalanus sp.1 Copepoda S 17.24 0.34 2.49 69.71
Pseudodiaptomus serricaudatus Copepoda S 15.34 0.31 2.49 72.20
Grandidierella  spp. (fem) Amphipoda SE, B-P 7.60 0.15 2.47 74.66
Corycaeus speciosus Copepoda SE 4.01 0.08 2.33 77.00
Oncaea media Copepoda SE 7.56 0.15 2.31 79.31
Farranula gracilis Copepoda SE 8.67 0.17 2.23 81.54
Pseudodiaptomus stuhlmanni Copepoda SE 17.89 0.36 2.17 83.71
Macrosetella gracilis Copepoda S 7.70 0.15 2.07 85.78
Iphinoe truncata Cumacea E, B-P 2.53 0.05 2.03 87.81
Calocalanus minor Copepoda S 1.91 0.04 1.96 89.77
Corycaeus longistylis Copepoda SE 4.59 0.09 1.96 91.73
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Appendix 4: continued 
 
 
Species Higher taxa Description Ave. density % N Contr. Cum. Contr.
(ind.m
-3
) WGS (%) WGS (%)
Assemblage: WAIII (L = larvae, Z = zoea)
Acartiella natalensis Copepoda E 16 047.64 68.41 24.92 24.92
Pseudodiaptomus hessei Copepoda E 6 876.52 29.31 20.47 45.39
Upogebia africana  larvae Gebiidea M 97.16 0.41 6.40 51.79
Mesopodopsis africana Mysida E, B-P 64.34 0.27 5.87 57.66
Oithona brevicornis Copepoda SE 81.72 0.35 5.67 63.33
Paratylodiplax blephariskios  Z Brachyura M 52.72 0.22 5.43 68.76
Euterpina acutifrons Copepoda SE 32.83 0.14 5.04 73.80
Parasesarma catenatum Z Brachyura M 105.00 0.45 4.97 78.77
Halicyclops denticulatus Copepoda SE 29.71 0.13 4.92 83.69
Iphinoe truncata Cumacea E, B-P 10.85 0.05 3.42 87.11
Polychaeta L sp.1 Polychaeta M 4.67 0.02 3.03 90.14
Assemblage: WAIV
Acartiella natalensis Copepoda E 22 586.19 77.20 27.61 27.61
Pseudodiaptomus hessei Copepoda E 6 144.98 21.00 20.52 48.13
Euterpina acutifrons Copepoda SE 117.93 0.40 7.37 55.50
Americorophium triaeonyx Amphipoda E, B-P 106.07 0.36 6.21 61.71
Oithona brevicornis Copepoda SE 49.31 0.17 6.09 67.80
Halicyclops pondoensis Copepoda SE 66.17 0.23 5.97 73.77
Iphinoe truncata Cumacea E, B-P 49.60 0.17 5.92 79.69
Mesopodopsis africana Mysida E, B-P 57.68 0.20 5.91 85.59
Upogebia africana larvae Gebiidea M 19.43 0.07 4.41 90.00
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Appendix 5: Flood induced salinity variations: case study 21-28 November 2005 
Information on the duration of rainfall induced floods in the Mgazana Estuary was not 
available prior to this study.  The remoteness of the study location (ca. 700 km from Port 
Elizabeth) coupled with the lack of information on the periodicity of floods, made the timing 
and monitoring of flood responses extremely difficult.  During the study period, a single 
opportunity in the month of November 2005, presented a chance to monitor response of 
salinity following a flooding event.  The response of salinity was monitored from the mouth 
to the upper estuary (Stations 1 to 10, see Fig. 2.1) on four occasions over an eight-day 
period, viz. Day 1 (21 November), Day 3 (23 November), Day 6 (26 November) and Day 8 
(28 November).  The estuary was unfortunately not navigable while flow rates were at a 
peak.  Sampling commenced as soon as flow rates were reduced to navigable velocity so that 
Day 1 represented the first day of flood recovery.    
 
Salinity was recorded at each station using an YSI 6600 Multiparameter Sonde.  
Measurements were taken at the surface, 0.5 m, 1 m and thereafter at 1 m intervals to the 
bottom of the water column.  Sampling always started at Station 10 in the upper estuary 
working in a downstream direction towards Station 1 in a single session.  To validate 
comparisons between days, and to eliminate variability introduced by water depth and tidal 
fluctuations, surveys were always conducted over high tides.  Spatial profiles were 
graphically compared between days using Ocean Data View software v3.4.3 
(http://odv.awi.de/en/home/).   
 
The water column was vertically well mixed in terms of salinity immediately after the 
flooding event on Day 1, 21 November 2005 (Fig. A5.1a, b).  During this time, the horizontal 
salinity gradient was well-established as values gradually decreased from ca. 35.2 at Station 1 
near the mouth to 0.3 at Station 10 in the upper estuary (Fig. A5.1b).  As freshwater inflow 
decreased, strong stratification developed with salinity at Station 7 reaching 35 along the 
bottom and less than 5 at the surface (Day 3, Fig. A6.1c).  Corresponding salinity values at 
Station 3 were 35 and 20 respectively.  Strong vertical stratification was strongly reflected in 
the obviously larger standard deviation values compared to those of Day 1 (Figs A5.1b, d).   
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Figure A5.1: Vertical and horizontal salinity profiles (a, c, d, f) representing measurements taken on four occasions during a flooding event in 
the Mgazana Estuary, 21-28 November 2005.  Profile plots are accompanied by the distribution of mean (± 1SD) salinity values calculated for 
the same data, plotted as a function of the distance of each of the ten sampling stations (Stations 1-10) from the sea (km).  Horizontal red lines in 
line plots (b, d, f, h) delineate the euhaline zone (salinity > 30).  See text for details.   
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Figure A5.1: continued.   
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Over the next few days the water column became less stratified and more saline, particularly 
in surface waters (Day 5 and 8, Fig. A5.1e-h).  On Day 5, saline water protruded up to Station 
8, where salinity measured 19.4 in the surface and 31.3 near the bottom waters.  
Corresponding values for Day 8 was not much different although a marked upstream advance 
of the vertically mixed salt wedge was evident.  From Day 5 to Day 8 salinity in the surface 
waters of Station 6 increased from 21.1 to 35.4.  Over the eight-day period, salinity values of 
the upper estuary increased from an integrated average of near zero on Day 1 to 13.1 on day 
8.  Most of the biological sampling related to the present study was conducted under salinity 
profiles similar to those portrayed in Fig. A5.1e and Fig. A5.1f.   
